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ABSTRACT OF DISSERTATION

IMPACT OF SELECTED INTEGRATED PEST MANAGEMENT TECHNIQUES ON
ARTHROPODS IN CUCURBIT PRODUCTION SYSTEMS

Cucurbits (i.e. squash, melons, pumpkins, gourds) are high value crops of global
importance. Insect pests in these systems are often controlled by chemical insecticides,
which are not always effective and can be damaging to the environment. Many integrated
pest management (IPM) techniques have been developed for the control of pests in these
systems, with a goal of improving system stability and reducing chemical inputs. The
overarching goal of my research was to investigate the impact of select IPM techniques on
arthropod populations and yield in organic and conventional cucurbit systems.
This dissertation can be divided into three major projects which were conducted
between 2013 and 2017. First, an investigation was conducted to understand the impact of
two commonly used IPM practices (tillage regime and the use of row covers) on pest insect
populations, beneficial arthropod populations, and plant yield. By developing studies in
both organic and conventionally managed squash and melon production, four independent
studies were conducted and analyzed to provide a broad understanding of these IPM
strategies. In all systems, plant yields and pests were greatest in the plasticulture systems,
but reduced tillage had a positive impact on the natural enemy arthropods within these
crops. Row cover use resulted in larger plants and increased yields, but had an inconsistent
influence on arthropods in the systems studied.
From these initial studies, an additional investigation was developed to better
understand the impacts of cultivation on the specialist pollinator Peponapis pruinosa
[Hymenoptera: Apidae]. Nesting site selection was examined in two independent
experiments. By conducting choice studies to allow P. pruinosa to select preferred nesting
sites, we determined that P. pruinosa prefer to build nests in loose soils and show reduced
nest making in compact soils. This poses interesting management challenges since lesscompact soils are within high tillage zones. This research supports the need for the
development of cultivation management plans that consider of pollinator habitat and
reproduction needs.
A multi-year, multi-farm study was developed for the comparison of parasitism in
cucumber beetles (Acalymma vittatum and Diabrotica undecimpunctata) in organic and
conventional growing systems. Parasitoids were reared from beetles collected from
working organic and conventional cucurbit farms in central Kentucky. Our results show

that there is some seasonal variation in parasitism, but that there is no significant difference
between organic and conventional production.
We conclude that IPM techniques can be effective in contributing to the control
cucurbit pests in agroecosystems and the improvement of crop yields. These studies show
that natural enemies and pollinators react differently to IPM practices, which should be
considered when developing IPM plans in cucurbit production. By researching these
management techniques we are able to develop production systems that have increased
stability.
KEYWORDS: Entomology, Integrated pest management (IPM), Agroecosystems,
Biological control, Cucurbitaceae
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Chapter 1
Literature Review
1.1. Introduction
Pest management, the control of any biological organism that is harmful to a crop
(Waterfield and Zilberman 2012), is a vital and indispensable component of any
agricultural production system. Pests are categorized into three broad groups: plant
pathogens, animals, and weeds (Kogan 1998, Oerke 2006, Pimentel 2009, Waterfield and
Zilberman 2012). Arthropods can be major pests in agriculture systems by vectoring
pathogens that cause disease, disfiguring fruits through feeding, damaging plants, and
decreasing crop yields.
Many approaches have been taken to control arthropod pests, including chemical,
cultural and biological control methods. Recently, chemical-based pest management
practices have been under scrutiny because they can have many detrimental environmental
impacts. Some chemicals can have long-term damage to the environment, create pesticide
resistance, and have non-target effects on beneficial organisms, including: natural enemies
(pollinators, predators, parasitoids, etc.), microorganisms, and vertebrates (including
humans) (Perry et al. 1997, Pimentel 2009, Geiger et al. 2010). A grower’s decision to use
pesticides may have impacts on neighboring farmers, the environment, and public health
(Pimentel 2009, Waterfield and Zilberman 2012). Many indirect costs can be created by
the use of pesticides, including environmental pollution, human health problems, death of
non-target organisms, and impacts on ecosystem function (Van Lenteren 2012). Integrated
pest management (IPM) programs have been developed to reduce reliance on insecticides
and will be important to future agricultural sustainability.

1

1.2. Integrated Pest Management.
Integrated pest management (IPM) incorporates a variety of chemical and nonchemical pest management techniques to create more sustainable and environmentally
friendly production systems (Kogan 1998, Phillips et al. 2014). These techniques include
insecticide use plans, crop rotation, cultivation techniques, mechanical strategies, host
plant resistance, trap cropping, genetic modification, and biological control programs
(Lewis et al. 1997, Zehnder et al. 2007, Waterfield and Zilberman 2012, Leftwich et al.
2016). IPM incorporates many fields of study such as entomology, plant pathology, weed
science, wildlife management, horticulture, agronomy, and economics to produce
comprehensive strategies for sustainable crop production, with the goals of reducing
pesticide use, increasing natural enemy presence, and keeping pest populations below the
economic injury level (Stern et al. 1959, Kogan 1998, Barzman et al. 2015). The
management practices used in IPM systems are constantly evolving based on research
developments and producer feedback, creating a management system that has a scientific
basis with a focus on responsible economic and ecological principles (Phillips et al. 2014).
Integrated pest management in cucurbit production had been used for thousands of
years before our modern concept of IPM was developed. One of the first examples of IPM
is the three sisters; where corn, beans, and squash were planted together to increase food
production for native Americans (Landon 2008); a management technique still used today
(Olasantan 2007). Beans provided nitrogen for the soil, corn provided a support trellis for
the beans, and squash provided a ground cover to reduce weed pressure. Throughout the
centuries IPM concepts have continued to be developed and implemented for the
management of pests. Focus on scientific based research has resulted in a continually
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developing understanding of ecological processes affected by IPM in agricultural
production for over 40 years in the United States (Young 2017).

1.3. Cucurbitaceae.
Plants in the Cucurbitaceae family are some of the most important high-value food
and fiber crops globally (Bisognin 2002, Gaba et al. 2004). They are also extremely popular
components of home and community gardens (Gregory et al. 2016). The United States
vegetable industry divides cucurbits into six major classes: cucumber-fresh/processing,
cantaloupe/muskmelons, honeydew, pumpkin, squash, and watermelon (NASS 2017).
Data from the 2016 United States Vegetable Summary (NASS 2017) reports that these six
categories are valued at $1.6 billion of the $13.4 billion US vegetable industry. In the
United States, 2,565,900 acres of vegetables were produced in 2016 and of that 400,200
acres of cucurbits were produced (NASS 2017). From 1994 to 2004 the acres of land under
cucurbit production decreased while yields increased (Cantliffe 2007). Similarly, from
2007-2012 the acres in production decreased, but the number of farms producing cucurbit
crops increased (Vilsack 2014). Two decades of agriculture census data show a trend: area
of land under cucurbit production tended to decrease while the overall yields have
increased (Cantliffe 2007, Vilsack 2014, NASS 2017). Yield increases have been attributed
to dramatic changes in agriculture intensification in cropping and advancements in farming
technologies and crop breeding over the pest decades (Gusmini and Wehner 2008).
Since the tobacco buyout, cucurbit production has been increasing in Kentucky.
Both conventional and organic growers have found that cucurbits are high value crops that
can be sold at both the local farmers markets and to larger wholesale distributers. As a
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result cucurbits make up ~41.6% of total acres of vegetables produced in our state (Vilsack
2014).

1.4. Current Cucurbit Production Practices
There are many ways of influencing insect communities in a farming
agroecosystems. Production system (e.g. conventional or organic) is an important factor in
a grower’s options to manage insects in their operation. The major difference is that
conventional growers have a wider range of synthetic inputs (i.e. insecticides, herbicides,
fungicides, and fertilizers) that have been developed to manage pest problems. Organic
growers have fewer insecticides and must rely more on cultural controls for arthropod pest
management.
In conventional production, imidacloprid, permethrin, and carbaryl are commonly
used synthetic insecticides to control cucurbit pests throughout the season (Cline et al.
2008). With increased interest among cucurbit growers to transition into organic
production there has been an increase in the number of available natural insecticides (i.e.
neem oil, pyrethrin, and spinosad) (Cline et al. 2008, Nair and Ngouajio 2010). Chemical
controls are not always effective against arthropod pests, and have the potential to cause
resistance and negative non-target effects on natural enemies (Margolies et al. 1998, Stark
and Banks 2003, Desneux et al. 2007). Many of the IPM techniques that have been
developed to reduce the need for insecticides may have direct impacts on arthropod
populations.
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1.5. IPM Practices and Implication to Insect Pests in Cucurbit Production Systems
1.5.1. The Pests
Although there are many arthropod pests of cucurbits (Metcalf and Flint 1962), our
research focused on three major cucurbit insect pests in Kentucky: striped cucumber beetle
(Coleoptera: Chrysomelidae: Acalymma vittatum), spotted cucumber beetle (Coleoptera:
Chrysomelidae: Diabrotica undecimpunctata howardi), and squash bug (Hemiptera:
Coreidae: Anasa tristis). All three vector the pathogens that cause diseases in cucurbit
plants and can severely damage plants through feeding.

1.5.1.1. Cucumber Beetles: Striped and Spotted
The striped cucumber beetle and spotted cucumber beetle are two of the most
economically damaging cucurbit pests. Damage and control costs for these beetles is
estimated to cost producers over $100 million a year (Dhillon and Wehner 1991, Schroder
et al. 2001). Both larvae and adult cucumber beetles can cause severe damage to plants by
feeding on roots, foliage, and fruits. Adult beetles vector Erwinia tracheiphila, the
bacterium causing bacterial wilt in some cucurbit species that can cause up to 80% yield
losses within 1-3 weeks of infection (Sasu et al. 2010).

1.5.1.2. Squash Bug
The squash bug is a significant pest of cucurbits (especially Cucurbita species) in
North America (Rojas et al. 2015, Doughty et al. 2016). Adults overwinter in plant debris,
and both nymphs and adults cause severe damage to plants through feeding on stems,
foliage, and fruits (Metcalf and Flint 1962, Edelson et al. 2002). Squash bugs are vectors
of the cucurbit yellow vine disease bacterium (Serratia marcescens), which can result in
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100% yield losses in some cucurbit species by causing plants to yellow, wilt, and die
(Bruton et al. 2003a, Pair et al. 2004). Chemical controls vary in effectiveness, especially
because females often lay eggs throughout the season and harbor under concealed foliage
which reduces insecticide contact (Palumbo et al. 1991a, York 1992).

1.5.2. Impact of IPM
IPM strategies for pest control in cucurbits include cultural, mechanical, and
biological controls, chemical controls, and the utilization of plant resistance. Cultural
controls are management practices that have been designed to disrupt the pest-host crop
interactions without sacrificing crop yields. Mechanical controls are physical
manipulations to the system altering environmental conditions. Biological controls are the
utilization of a pest’s natural enemy to help suppress the population. Investigation into the
role of host-plant resistance includes cultivars that are naturally occurring or have been
bred for tolerance or resistance to the pathogens that cause plant diseases and feeding
arthropod pests. Incorporating these management strategies can be successful in managing
pests and reducing disease spread. Often these techniques are combined to provide better
control than a single strategy alone (Olson et al. 1996, Walters et al. 2008, Doughty et al.
2016).
Growers should also regularly scout their fields to monitor pest populations (Diver
and Hinman 2008, Seebold et al. 2009). Scouting monitors pest, natural enemy, and
pollinator populations that may be present in the system (Adam 2006, Diver and Hinman
2008, Brust 2009, Brandt 2012). In this way producers are able to monitor pest populations
and make knowledgeable management decisions based on economic impact of the pests.
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1.5.2.1. Chemical Control
Conventional growing systems have a broad range of insect management options.
In this system there is the option to use synthetic chemicals that have been approved
Environmental Protection Agency (EPA). One preventative treatment that can be beneficial
to growers is the use of seeds that have been pre-treated with an insecticide. These pretreated seeds help to prevent early-season pests from killing seedlings (Allen et al. 2001).
After transplanting, growers have the option of using soil treatments to help prevent early
season insect infestations (Allen et al. 2001, Brust 2009). There are also many foliar
insecticides that can be used to treat a variety of insect pest problems throughout the
growing season (Adam 2006, Brust 2009).
Organic growing systems only allow for growers to use naturally derived, certified
chemicals for insecticidal use. There are many organic insecticides available on the market
including several foliar insecticides. Insecticidal soaps and botanical chemicals, such as
neem oil and pyrethrum, are all used in these systems (Adam 2006, Diver and Hinman
2008, Brust 2009, Brandt 2012). Because fewer products are available, organic growers
may be limited in their options for effective chemical control and therefore, frequently use
cultural controls to manage insect pests.
Chemical controls are important in cucurbit pest control. Developing technologies,
such as precision applicators (Jasinski et al. 2009) and insect-specific insecticides, can
reduce insecticide use and be incorporated into an IPM system. Chemical control combined
with other IPM techniques can help maintain pest control throughout the season (Allen et
al. 2001).

7

Traps and baits have been explored to control pests in cucurbit production and are
considered chemical-based management options. Baits, chemical or pheromone-based
attractants, can target specific pests and reduce the need for chemical spray applications.
This can serve to protect pollinators (Brust and Foster 1995) and natural enemies by
reducing the exposure to insecticides. Baits vary in attractiveness, but research has shown
potential for future control and monitoring options (Pedersen and Godfrey 2011, Cabrera
Walsh et al. 2014). These techniques have been shown to increase yields and decrease pests
(Brust and Foster 1995), and can easily be incorporated into an organic or conventional
IPM system.

1.5.2.2. Cultural Control
One of the most important cultural control options for cucurbit production systems
is to practice good sanitation by removing plant material from the field (Metcalf and Flint
1962, York 1992, Adam 2006, Doughty et al. 2016). Some insect pests overwinter in plant
material, but many pest populations can be reduced significantly by incorporating plant
material into the soil through tillage management, destroying it through burning, or by
removing it from the farm. Sanitation practices also remove or reduce pathogens that cause
plant diseases (Van der Plank 1963).
Crop rotation is recommended for controlling cucurbit pests and plant diseases
management (Keinath 1996). Although many cucurbit pests are very mobile, moving the
cucurbit crops to another location can delay a pest infestation. Rotation can be a challenge
for growers because of space needed for plantings, capital investments (e.g. permanent
irrigation systems), and demand for cucurbit crops (Keinath 1996, Adam 2006, Brust
2009).
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Cover crops and living mulches can have many benefits to agricultural production
systems (Dabney et al. 2001, Hartwig and Ammon 2002), but these benefits (such as
increased yield) are not always observed in cucurbit crops (Roe et al. 1994, Galloway and
Weston 1996, Walters and Young 2010). Cover crops can help improve yields and soil
quality (Walters et al. 2008, Wang et al. 2008), reduce plant diseases (Everts 2002), and
weed pressure (Bhardwaj 2006). Living mulches have the potential to reduce pest numbers
and increase natural enemy populations (Bugg et al. 1991, Hooks et al. 1998, Frank and
Liburd 2005), but these systems underperform (in terms of plant productivity) when
compared to other mulching systems (e.g. plastic mulches) used in cucurbit production
(Nyoike and Liburd 2010). If not managed carefully cover crops have the potential to cause
yield reductions because of resource competition (Bugg et al. 1991, Vanek et al. 2005,
Kołota and Adamczewska-Sowińska 2013) and increased biomass that can be difficult to
incorporate into the soil (Stivers-Young and Tucker 1999, Snapp and Borden 2005, Snapp
et al. 2005).
Trap crops, companion plantings, and intercropping have also been investigated as
potential IPM practices for cucurbits (Cavanagh 2008, Cline et al. 2008, Adler and Hazzard
2009, Cavanagh et al. 2009, Cavanagh et al. 2010, Gardner et al. 2015). Trap cropping
works by planting a boarder of a ‘sacrificial’ crop that is highly attractive to the pest
intercepting them before reaching the cash crop. This reduces chemical applications on the
main crop, and can reduce costs. Trap cropping has been successful in cucurbit production;
reducing arthropod pests and chemical applications (Hokkanen 1991, Cavanagh 2008,
Adler and Hazzard 2009, Cavanagh et al. 2009). These techniques can be used in an IPM
system to reduce chemical use in the cash crop (Cavanagh 2008, Cavanagh et al. 2009,
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Cavanagh et al. 2010), reduce pollinator exposure to insecticides (Adler and Hazzard 2009,
Cavanagh et al. 2010), potentially delay insecticide resistance (Liu and Tabashnik 1997),
and help prevent secondary pest outbreaks (Foster and Brust 1995, Cavanagh et al. 2010).
Intercropping, the practice of planting a trap crop within or between rows in the cash crop,
can reduce pest pressure but also has negative impacts on yields (Bach 1980). The impact
of trap crops on natural enemies can be positive (providing additional habitat for resources
and reproduction) but may be negated by the increased insecticide use in these areas
(Hokkanen 1991).
The use of pollinator refuges, beetle banks, wildflower harborages, and companion
planting have been proposed to help increase the number of natural enemies and pollinators
in cucurbit cropping systems (Platt et al. 1999, Cline et al. 2008). While increased number
of natural enemies and pollinators have been observed, natural enemies often do not
migrate into the field and provide adequate pest control (Platt et al. 1999). Intercropping
these harborage areas throughout a field has been proposed, but adoption by growers may
be low because of the loss of crop acreage (Platt et al. 1999).
Adjusting planting dates has been considered (Palumbo et al. 1991b, Doughty et al.
2016), but because growers often choose to plant multiple, consecutive cucurbit crops
throughout the season it can be a hard strategy to implement (Palumbo et al. 1991b).
Additionally, market windows for high crop value also influence a grower’s planting
decision.
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1.5.2.3. Mechanical Control
The use of synthetic and natural mulches has long been studies in cucurbit IPM.
Many materials have been investigated for their potential use, including: natural mulches
(grass clippings, wood chips, straw)(Summers et al. 2004, Splawski et al. 2016), synthetic
mulches (colored plastic, UV reflective plastic)(Waterer 2000, Summers et al. 2004,
Splawski et al. 2016), and paper (sheets, shredded)(Haapala et al. 2014). These mulches
impact the soil microclimate and can impact arthropod populations. Organic mulches can
help to reduce pests and diseases (Summers et al. 2004), while maintaining (Summers et
al. 2004) or increasing yields. Plastic mulch systems can provide greater yields and better
pest control when compared to other mulch types, but can negatively impact natural
enemies (Brust 2000, Waterer 2000, Cline et al. 2008, Nair and Ngouajio 2010, Nyoike
and Liburd 2010).
Mulches can provide a protected habitats for pests throughout the season and
overwintering sites if they are not removed from the field (Doughty et al. 2016). Postseason mulch removal can be challenging. Plastic mulches have greater initial costs,
require labor for removal, and are impractical for producers (especially small growers) to
recycle (Lament 1993, Kyrikou and Briassoulis 2007, Haapala et al. 2014). Organic
mulches must be incorporated into the field, which can change the soil structure and
ecology.
The use of row covers for cucurbit insect pest control has been a highly
recommended IPM strategy (Orozco-Santos et al. 1995, Adam 2006, Diver and Hinman
2008, Brust 2009, Brandt 2012). Row covers can prevent pest colonization of pests and
increase plant growth and yields (Webb and Linda 1992, Condron et al. 2000, Brandt
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2012), however they must be removed for pollinators to gain access to the system. Certain
row cover material (i.e. spun-bonded polyethylene sheets) can also impact the microclimate
around the crop (Loy and Wells 1975, Perring et al. 1989, Jensen and Malter 1995), and
can increase temperatures beyond what a plants can survive (Jenni et al. 1996, Ibarra et al.
2001). Alternative mesh covers (i.e. Protek Net meshes) have been developed (Brown
2014, Hanna et al. 2015) and can reduce these temperature stresses.

1.5.2.4. Host Plant Resistance
Host plant tolerance and resistance in cucurbits has been investigated as a control
for arthropod pests and plant disease management for many years (Novero et al. 1962,
Sullivan and Brett 1971, Hammerschmidt and Yang-Cashman 1995, López-Sesé and
Gómez-Guillamón 2000, Walters 2003). Often this resistance is limited to plant pathogens
(including arthropod vectored pathogens) and arthropod feeding may not be reduced
(Hammerschmidt and Yang-Cashman 1995). Their adoption in the mainstream market is
limited because of added production costs, acceptability by consumers, and difficulties of
marketing non-traditional varieties of produce (Olson et al. 1996). This control strategy is
most successful when combined with other IPM strategies (Hammerschmidt and YangCashman 1995, Olson et al. 1996).
Many cucurbits have evolved a plant biochemical (cucurbitacin) defense that deters
herbivory (Smyth et al. 2002), but certain insect pests (including cucumber beetles and
squash bugs) have overcome this defense and developed a preference to feed on these crops
(Sullivan and Brett 1971, Tallamy 1985, Smyth et al. 2002). The development of resistant
cultivars has had success (Dhillon and Wehner 1991), but often resistant cultivar breeding
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targeting a specific arthropod pest results in an increased susceptibility to damage from
other arthropod pests (Da Costa and Jones 1971).
In addition to traditional breeding practices, the use of grafting and development of
transgenic cucurbits has been explored for pest management potential. Cucurbit grafting
has been a semi-successful means of developing tolerant plants in cucurbit production, but
has not been widely adopted because of low success rates and increased costs to production
(Davis et al. 2008). Biotechnology advances have led to the development of transgenic
cucurbits that could significantly reduce reliance on chemical control, but regulation and
acceptance of these crops make them challenging to market (Gaba et al. 2004).

1.5.2.5. Biological Control
Biological control agents (‘natural enemies’) has been investigated in cucurbit IPM.
Natural enemies have been shown to be successful is the use of to suppress pest populations
(DeBach 1964, Gurr et al. 2000, Van Lenteren 2012) and have been used to help control
pests in both natural and artificially constructed ecosystems (van Lenteren 1988, Naranjo
et al. 2015). Natural enemies have been used to control arthropod pests (Clausen 1958,
Bosch 1971, Rusch et al. 2010), noxious plants (Huffaker 1959, McFadyen 1998), and
pathogens (Baker 1968, Lacey et al. 2001). Biological control has often been used in
agricultural settings, and successful programs have involved a variety of techniques,
methods, and organisms (Ferron 1978, Riechert and Lockley 1984, Ellers-Kirk 1996,
Hoddle et al. 1998, Obrycki and Kring 1998, Liu et al. 2000, Mattiacci et al. 2000, Lomer
et al. 2001, Liu et al. 2015).
The IPM practices aforementioned can have a direct impact on the ecological
composition of natural enemies within a field. Some production practices can enhance
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natural enemy numbers, while others can reduce numbers found in the field or negatively
impact populations (Platt et al. 1999). Therefore it is important to understand the impacts
of IPM techniques on natural enemies.

1.6. Natural Enemies and Pollinators found in Cucurbits
Beneficial arthropods (i.e. predators, parasitoids, pollinators) have also been
investigated for their beneficial and pest control services in cucurbits. There are hundreds
of species of insects that can be found in cucurbit ecosystems. They provide services that
are vital to ecosystem functioning and food production. In their review, Losey and Vaughan
(2006) reported that in the United States alone the value of insect services (as they relate
to agriculture as a whole) is approximately $57 billion per year. This value was found only
in the examination of four insect services (dung burial, pest control, pollination, and
wildlife nutrition), and excluded what they termed ‘domesticated’ insects (such as honey
bees, or the release of purchased biological control agents) (Losey and Vaughan 2006).
Many insect services are challenging to place a dollar figure upon. These services include
role of arthropods’ in the decomposition of plant and animal matter; the suppression of
weeds (herbivory) and pests (predation); and improved nutrient cycling. IPM practices and
management can have both positive and negative effects on insects in agroecosystems
systems, therefore studying the impact of these practices on natural enemies and pollinators
is important.
Natural enemies, predatory and parasitic, have been investigated for use in cucurbit
IPM with varying degrees of success. One major challenge major challenge to the
investigation of these natural enemies is the plant biochemical cucurbitacin, because this
compound may deter or repel natural enemies (Agrawal et al. 2002, Smyth et al. 2002).
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1.6.1. Predators
1.6.1.1. Spiders spp.
Spider species are often used as bioindicators (Gerlach et al. 2013) and they are
documented consumers of cucurbit pests (Wise et al. 1999, Schmidt et al. 2014, Dieterich
Mabin 2017). The presence of spiders in the field reduces cucumber beetle presence and
feeding on cucurbit plants (Williams and Wise 2003) and in a well-balanced system can
reduces squash bug pressure (Wise et al. 1999). The most abundant predatory species
observed in cucurbit growing systems are wolf spiders (Lycosidae)(Snyder and Wise 1999,
2001) and sheet web spiders (Linyphiidae)(Halaj and Wise 2002), although many other
species have been found within cucurbit systems (Zaher et al.). Because these spiders use
a variety of hunting techniques and consume different sized prey, they are able to encounter
pests throughout the plant canopy (Marc and Canard 1997). Spiders consume large
numbers of diverse prey species (including eggs, immatures, and adults) making them an
important predator in cucurbit systems. Negative impacts of intraguild predation (yield
loss) have been seen (Snyder and Wise 2001), but further investigation needs to be
conducted.
Land management has a direct impact on spider composition, movement, and
predation (Gluck and Ingrisch 1990). Spider populations and species in reduced tillage
systems are increased due to the increased detritus or the addition of mulches in reduced
tillage systems, which influence the system by increasing habitat suitability and prey
availability (Gluck and Ingrisch 1990, Carter and Rypstra 1995, Sunderland and Samu
2000). Although reduced tillage practices, such as strip tillage, are important in increasing
spiders in the field, the quality of the surrounding landscape can have a direct impact on
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the sustained spider abundance and should be considered in management plans (Sunderland
and Samu 2000).

1.6.1.2. Ground Beetles (Carabidae spp.)
North American ground beetle species vary in their response to human disturbance
and habitat fragmentation (Niemela 2001). Ground beetles are well known for being
beneficial to agricultural systems because they are omnivorous predators and often can
consume large numbers of prey in both immature and adult stages. Most species are
nocturnal and spend the day underground or under debris (Tripplehorn and Johnson 2005).
They are very resilient to environmental changes, often considered bioindicators in
agricultural systems (Kromp 1999, Rainio and Niemelä 2003, Gerlach et al. 2013), and
have been reported as major predators in cucurbit systems (Wise et al. 1999, Lewis et al.
2016).
Interpreting the impact of IPM on carabid populations in cucurbit studies can be
difficult because of the limitations of short-term studies and plot size (Huusela-Veistola
1996, Holland and Luff 2000, Lewis et al. 2016). Studies investigating the impacts of
tillage on carabid populations also have mixed results due to species diversity with mixed
individual biotic and abiotic requirements. Conservation tillage often increases overall
ground beetle numbers (House and Stinner 1983), but the impacts are not consistent across
species (Niemela 2001, Lewis et al. 2016). Ground beetle species found in field settings
tend to prefer habitats that are warm and dry (Thiele 1977), so plastic mulch beds that
increase soil temperatures (Tarara 2000, Ibarra et al. 2001, Tillman et al. 2015b) and
provide a good drainage with more stable soil moisture environment (Yaghi et al. 2013)
can positively influence beetle numbers. A soil surface covered with detritus (such as
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mulched or weedy areas) reduces ground beetle movement, while uncluttered open areas
(such as plastic mulch and bare between row soil) allow for unimpeded movement across
the soil surface (Rivard 1965).

1.6.1.3. Rove Beetles (Staphylinidae spp.)
Rove beetles have been detected in high numbers in many agricultural systems and
are considered important polyphagous predatory arthropods (Potts and Vickerman 1974,
Decker and Yeargan 2008, Gailis and Turka 2013). They have been identified as predators
of cucurbit pests (Lundgren et al. 2009). Rove beetles are primarily ground-dwelling and
IPM involving cultivation have a direct impact on their in-field populations. Conservation
tillage has often been reported to have higher numbers of rove beetles than conventional
systems (House and Stinner 1983, Krooss and Schaefer 1998), because it increases the
mesofauna prey (Acari and Collembola) available (Potts and Vickerman 1974, Krooss and
Schaefer 1998). A reduced tillage system can increase rove beetles populations because
most species reproduce in the spring, therefore early season cultivation and field
preparation (during the months of May and June) can directly impact rove beetle
populations (Krooss and Schaefer 1998, Markgraf and Basedow 2002). The value and role
of rove beetles has been understudied in cucurbit systems and needs to be further explored.

1.6.1.4. Ants (Formicidae spp.)
Ants are prevalent predators in agriculture systems and are suspected of playing
important roles in pest management (Way and Khoo 1992, Phillips and Gardiner 2016).
The role of ants in cucurbit production has not been extensively investigated, but they have
been documented as abundant in many cucurbit systems (Agarwal and Rastogi 2010,
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Dieterich Mabin 2017). Phillips and Gardiner (2016) report that ants are the primary
consumers of spotted cucumber beetle eggs and squash bug eggs in pumpkin systems. Ants
have the potential to serve as bioindicators in agriculture studies (Peck et al. 1998) and
have the potential to be better utilized in IPM programs (Way and Khoo 1992).
Conservation tillage has also been shown to increase the number of ant species in a field,
though some species are more tolerant of cultivation that others (Peck et al. 1998). Future
studies looking at species and population matrixes are needed to truly understand the
impact ants in cucurbit agroecosystems.

1.6.1.5. Lady Beetles (Coccinellidae spp.)
Predatory lady beetles have been used for biological control in agricultural systems
for over a hundred years (Hagen 1962, Obrycki and Kring 1998). Lady beetles are
documented predators of cucurbit pests (Rondon et al. 2003, El-Din et al. 2013, Schmidt
et al. 2014), and both adults and immatures have the potential to play key roles in these
cropping systems (Rondon et al. 2003). High numbers of lady beetles, particularly
Coleomegilla maculata, have been reported in plasticulture with the use of row cover
systems (Decker and Yeargan 2008, Schmidt et al. 2014).

1.6.1.6. Big Eyed Bugs (Geocoridae spp.)
Big eyed bugs are predators of cucurbit pests (Rondon et al. 2003, Schmidt et al.
2014) and one of the largest groups of ground predators detected in squash fields (Decker
and Yeargan 2008), and are also found in high numbers in the foliage canopy (Snyder and
Wise 1999). These predators are small compared to adult cucurbit pests, and often attack
eggs and early instars (Decker and Yeargan 2008). IPM techniques, such as cover cropping,
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can have a positive influence on big eyed bug populations in cucurbits (Bugg et al. 1991).
These insects are understudied in cucurbit as a whole, but could play an important role in
biological control of cucurbit pests.

1.6.1.7. Damsel Bugs (Nabidae spp.)
Damsel bugs are often found in cucurbit systems, and both adults and nymphs are
predators of cucurbit pests (Decker and Yeargan 2008, Lundgren et al. 2009, Schmidt et
al. 2014). Damsel bugs can reproduce on cucurbit plants and tend to remain on the middle
to upper plant canopy (Pfannenstiel and Yeargan 1998, Snyder and Wise 1999, Pumariño
et al. 2011). Although thought to be important natural enemies in cucurbit systems, the role
damsel bugs play in cucurbit pest management needs to be further investigated.

1.6.1.8. Entomopathogenic Nematodes
Entomopathogenic nematodes have also been used to successfully reduce
cucumber beetle populations (Ellers-Kirk et al. 2000). Nematodes attack cucumber beetle
larva, and can be added to the soil through irrigation lines (Ellers-Kirk et al. 2000).
Conservation practices (soil management, reduced insecticide use, mulching) can increase
nematode numbers, but more disruptive practices (heavy cultivation, chemical use, plastic
mulches) can reduce nematode survival (Hummel et al. 2002).

1.6.2. Parasitoids
1.6.2.1. Cucumber Beetle Parasitoids
There are three known parasitoids of STCB and SPCB: Celatoria setosa
[Tachinidae], Celatoria diabroticae [Tachinidae] and Centistes diabroticae [Braconidae]
(Gahan 1922, Fischer 1981, Fischer 1983, Toepfer et al. 2008, Smyth and Hoffmann 2010).
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All three species overwinter as larvae in adult cucumber beetle hosts (Smyth and Hoffmann
2010). These species have potential for IPM programs because high early season numbers
have been observed (Arant 1929, Elsey 1988) and have season long persistence in the field
(Arant 1929, Elsey 1988, Smyth and Hoffmann 2010). Few studies have focused on
understanding the life history and behavior of these natural enemies or the effects of
agricultural practices on their populations.

1.6.2.2. Squash Bug Parasitoids
Although parasitism of squash bugs was not a major focus of these studies, it is
important to note that there are many known parasitoids of squash bug that have been
investigated for biological control purposes. Parasitoids of adults include the tachinid
parasitoid Trichopoda pennipes (Diptera: Tachinidae) and entomopathogenic nematodes
(Steinernema carpocapsae Weiser (Nematoda: Stienernematidae)), and display varying
degrees of control (Doughty et al. 2016). Several hymenopteran parasitoids (families:
Platygastridae, Encyrtidae, Eupelmidae, Scelionidae) are known egg parasitoids and have
investigated for augmentative releases in fields and greenhouses (Doughty et al. 2016).
Releases of Gryon pennsylvanicum (Platygastridae), has been shown to be a plausible
control option when integrated into a management program that includes squash bug
resistant cultivars (Olson et al. 1996). Incorporating these parasitoids into IPM programs
has been a focus of ongoing research.

1.6.3. Pollinators
There are many different arthropod species that are important pollinators of
cucurbits. Fronk and Slater (1956) identified 47 insect species that play a significant role
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in cucurbit pollination. Six orders were represented: Coleoptera, Diptera, Hymenoptera,
Hemiptera, Orthoptera, and Thysanoptera (Fronk and Slater 1956). The majority (98%) of
the pollinators were Coleopterans (63%) or Hymenopterans (35%). Minter (2012)
identified 13 bee taxa pollinating muskmelon (Cucumis) and 7 that pollinate squash
(Cucurbita). Primary pollinators of Cucumis systems are Apis mellifera and Bombus sp.,
and in Cucurbita species A. mellifera, Bombus sp., and Peponapis pruinosa have been
reported as primary pollinator species (Mann 1953, Fronk and Slater 1956, Tepedino 1981,
Artz and Nault 2011, Minter 2012). Other insects have also been observed as cucurbit
pollinators, including some lepidopterans and pests such as cumber beetles (McGregor
1976).
Pollination is important to cucurbit production because incomplete pollination
results in misshapen or undersized fruit, or abortion of the fruit on the vine (Bohn and
Davis 1964, McGregor 1976, Free 1993). Because multiple visits are needed completely
pollinate a cucurbit flower, ecological diversity plays a key-role in assuring a good fruit set
and yield.
Native pollinators have the potential to be successful in many cropping systems
(Willmer et al. 1994, Shuler et al. 2005, Winfree et al. 2007, Julier and Roulston 2009).
They are important to cucurbit pollination especially in areas of small acreage (Goodell
and Thomson 2007, Winfree et al. 2007, Winfree et al. 2008, Adler and Hazzard 2009,
Artz and Nault 2011, Garibaldi et al. 2013). In comparison to large production states such
as California, Florida, and Michigan (Cantliffe et al. 2007), Kentucky cucurbit producers
are growing on small acreage that is often surrounded by a diverse mix of crops, forest,
and forage land. Diverse habitats (both natural and managed) may prove beneficial to the
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survival of many native pollinator species that often nest, reproduce, feed and overwinter
in areas other than the field (Pickett and Bugg 1998, Kremen et al. 2002, Kremen et al.
2004, Ricketts 2004, Klein et al. 2007). With over 4,000 species of native bees in North
America (Cane and Tepedino 2001), native pollinators cannot be disregarded as a potential
resource in agricultural systems (Garibaldi et al. 2013). There is a need for studies
investigating the impact IPM techniques native bee behavior and populations.

1.6.3.1. Honey bees (Apis mellifera)
The honey bee (Apis mellifera) is extremely important in the pollination of cucurbit
plants (Fronk and Slater 1956, McGregor 1976, Mussen and Thorp 1997), and is worth
over $14.8 billion (Morse and Calderone 2000) to United States agriculture. Growers often
maintain or rent honey beehives to assure that their cucurbit crops are fully pollinated. This
has proved an effective strategy for decades, but recent population declines have led to the
investigation of native pollinator species efficiency and overall value (Allen-Wardell et al.
1998, Biesmeijer et al. 2006, Winfree et al. 2009, Potts et al. 2010, vanEngelsdorp and
Meixner 2010).

1.6.3.2. Bumble bees (Bombus species)
Bumble bee (Apidae: Bombus) species are important pollinators of cucurbit crops.
Wild bumble bees are one of the most frequent visitors to cucurbit (Shuler et al. 2005,
Minter 2012). Managed bumble bees colonies have greater success (increasing fruit set and
yield) than managed honey bee colonies in some cucurbit production systems (Stanghellini
et al. 1998b, a). Although wild bumble bees are most often considered in these systems,
the use of commercially available colonies may help supplement pollination in row
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covered, small-scale settings (Jesse et al. 2007, Owens et al. 2008).

Bumble bee

populations may be negatively impacted by the use of chemical insecticides (Laycock et
al. 2012, Whitehorn et al. 2012, Fauser‐Misslin et al. 2014), but some insecticides have
minimal or no detectable impacts when used properly (Morandin and Winston 2003).

1.6.3.3. Squash Bee (Peponapis pruinosa)
The squash bee is a specialist of Cucurbita genus (Hurd et al. 1971, Hurd Jr et al.
1974, Lopez-Uribe et al. 2016), and is extremely efficient in cucurbit pollination because
both male and female bees contribute too pollination (Fronk and Slater 1956, McGregor
1976, Tepedino 1981, Shuler et al. 2005). This solitary bee is widely distributed throughout
the United States, Mexico, and Central America (Hurd et al. 1971, Kevan et al. 1988,
Bischoff et al. 2009, Lopez-Uribe et al. 2016). Squash bee is dependent upon the
agricultural production of cucurbit crops for range expansion and proliferation; particularly
in areas where there are no wild cucurbits (Shuler et al. 2005). Squash bee often nests in
and around crop fields (Hurd et al. 1971) and is directly impacted by soil cultivation (Julier
and Roulston 2009, Artz et al. 2011).

1.6.3.4. IPM and Pollinators
Pollinator exposure to chemical controls can have negative impacts on populations
(Cresswell et al. 2012, Whitehorn et al. 2012), but by modifying how chemical applications
are made (e.g. seed treatments, pre-bloom, systemic drenches) can reduce pollinator
exposure (Dively and Kamel 2012). Even limiting direct spray exposure can cause
negative impacts on the ecosystem and pollinator health (Stoner and Eitzer 2012, Krupke
and Long 2015, Pisa et al. 2015, Rundlöf et al. 2015). Because of the negative impact of
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pesticides on pollinators, many IPM techniques are focused on reducing these losses.
Cultural controls can also help limit pollinator exposure to chemicals. Trap cropping can
reduce the chemical sprays in the major plot areas, reducing pollinator exposure to
insecticides (Adler and Hazzard 2009, Cavanagh et al. 2010).

1.7. On-Farm Factors Impacting Cucurbit IPM
Few studies have looked at the long-term impact of IPM programs on arthropod
communities in cucurbit production. Horticultural crops are challenging to study because
of short growing seasons and frequent rotation practices (Lewis et al. 2016). Many IPM
techniques used in cucurbit production are implemented on an annual basis; such as row
covers, trap crops, use of transplants, application of mulches, cover cropping, and
intercropping. Long-term, full-farm management plans can have an impact on overall farm
stability, increasing productivity and environmental biodiversity.
Several factors are important to consider when implementing IPM techniques,
including production system (organic vs conventional), farm size and location, field scale,
level of landscape management, and influences from neighboring land management
practices. These factors can directly impact pest numbers, plant productivity in cucurbit
crops, and pollinator and natural enemy communities. Farm location (geographically) and
specific farm site characteristics can have an immense influence on arthropod populations
(Winfree et al. 2008). The scale of the cucurbit planting and the surrounding landscape
management practices can also influence arthropod communities within a system
(Bengtsson et al. 2005, Clough et al. 2007, Lewis et al. 2016, Phillips and Gardiner 2016).
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1.8. Concluding Remarks
Understanding the impacts of IPM techniques on arthropod pests, natural enemies,
and pollinators is key for the development of agricultural practices that are not only
profitable but sustainable. Herein are the results of many diverse studies looking at the
effects of IPM practices on arthropod populations have been summarized. The overarching
goal of this research was to investigate the impact of IPM techniques on arthropod
populations and yield in agricultural production of high value specialty crops in organic
and conventional growing systems. We selected cucurbit crops (i.e. squashes, melons,
pumpkins) because of their global importance, high economic value, and for the longknown challenges in managing pests within these systems. The impact of two commonly
used IPM practices (tillage regime and the use of row covers) on pest insect populations,
beneficial arthropod populations, and plant yield were investigated in multi-year studies in
conventional and organic squash and melon (Chapters 3-5). We further investigated the
impacts of tillage on nesting site selection with in an important, native, specialist pollinator,
Peponapis pruinosa (Chapter 6). Finally, through a multi-year, multi-farm study, we
compared the number of striped and spotted cucumber beetles and their parasitoids
collected from working organic and conventional cucurbit farms in central Kentucky
(Chapter 7).

© Copyright Amanda R. Skidmore 2018
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Chapter 2
Objectives
The overall goal of this dissertation was to investigate the impact of integrative pest
management practices on the arthropod communities found within cucurbit growing
systems. These multi-part objectives are listed as follows:

Objective 1. Chapters 3-5
Investigation of the impacts of tillage and row cover on organic and conventional cucurbit
production systems.


Summary of projects: These studies were conducted during the 2013 and 2014
growing seasons. Differences between conservation tillage and conventional
tillage systems on organic and conventional squash and cantaloupe production
were compared in each system by implementing strip tillage and plasticulture
plots. Row cover and no row cover treatments were compared within each tillage
type to determine the influence of row cover use in these systems. Each cropping
system (organic squash, organic cantaloupe, conventional squash, and
conventional cantaloupe) was analyzed as an individual study. Data collected
included: plant yields, pest insect numbers, natural enemy numbers, and
climatological data. Results were summarized and discussed for each study.

Objective 2. Chapter 6
Investigation of the impact of tillage on squash bee nesting.


Summary of projects: This study investigated the influence of nesting substrate
on squash bee (Peponapis pruinosa) nesting. Studies were a collaborative project
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between the University of Kentucky and The Ohio State University. The
Kentucky study focused on comparing nesting substrate preference in squash
production systems, directly comparing strip tillage and plasticulture systems.
The Ohio study focused on nesting success in strip tillage and plasticulture squash
systems. These unique studies investigated nesting density in four different tillage
areas allowing us to demonstrate squash bee nesting preference.

Objective 3. Chapter 7
Comparison of cucumber beetle parasitism on organic and conventional farms.


Summary of projects: Cucumber beetle (Acalymma vittatum and Diabrotica
undecimpunctata) parasitism is understudied, but these organisms have the
potential to be incorporated into an integrated pest management program.
Cucumber beetle parasitoids were identified for the first time in Kentucky. The
design of this experiment allowed us to compare cucumber beetle parasitism
between organic and conventional cucurbit production systems.

© Copyright Amanda R. Skidmore 2018
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Chapter 3
The Impact of Tillage Regime and Row Cover Use on Insect Pests and Yield in
Organic Cucurbit Production
PUBLISHED: Renewable Agriculture and Food Systems
https://doi.org/10.1017/S1742170517000503
3.1. Abstract
Control of cucurbit pests, such as striped cucumber beetle (Acalymma vittatum),
spotted cucumber beetle (Diabrotica undecimpunctata howardi), and squash bug (Anasa
tristis), in organic systems is difficult due a lack of effective insecticide options. This has
led to the development of many integrated pest management (IPM) techniques, such as use
of row covers, crop rotation, and cover crops. This study explored the novel use of strip
tillage and row covers to reduce pest pressure in summer squash (Cucurbita pepe) and
muskmelon (Cucumis melo) production systems. Results showed that although strip tillage
reduced striped cucumber beetle and squash bug numbers, there was a yield reduction in
both crops compared to the plasticulture system. Row cover increased marketable yield in
both systems, with the highest yield being in the plasticulture system. Unmarketable fruit
directly attributed to insect damage was higher in the plasticulture systems, but was not
significantly different when compared to the strip tillage system. Although there are many
documented positive attributes of strip tillage, results from this study indicate that a
combination of raised-bed plasticulture and row cover may be a superior system for organic
cucurbit production.

3.2. Introduction
Cucurbits (Cucurbitaceae) are economically valuable and an important food crop
for most of the world’s population. Squashes, pumpkins, cucumbers, and melons are in the
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top twenty most important food crops globally (Sebastian et al. 2010). In the United States,
cucurbit crops account for over $1.43 billion of the vegetable industry, and 11.8% of total
vegetable growing acreage (Cantliffe et al. 2007). United States Department of Agriculture
Census data shows that there has been an increase in cucurbit intensification in the United
States over the past decade (Vilsack 2014). Fewer acres are being dedicated to cucurbit
production, but more farmers are choosing to grow cucurbit crops and total production has
increased (Cantliffe et al. 2007, Vilsack 2014). This increase of intensification is largely
based on the advancement in farming technologies and plant breeding over the past twentyyears (Gusmini and Wehner 2008).
Organic production is one of the fastest growing sectors of agriculture globally, and
production is valued at $43.3 billion yearly in the United States (OrganicTradeAssociation
2016). Improvements in organic production over the past decades have lowered the yield
gap between conventional and organic production, with organic systems producing 19.2%
on average less than conventional systems (Ponisio et al. 2014). Some of this yield loss is
compensated for by well documented environmental benefits such as improved soil
microbial activity and fertility, increased biodiversity, and reduction of greenhouse gasses
(Mäder et al. 2002, Hole et al. 2005, Garratt et al. 2011, Goh 2011); and by a premium
price for organically grown products (Yiridoe et al. 2005, Bonti-Ankomah and Yiridoe
2006, Batte et al. 2007). With the rise of organic agriculture, there has been an increasing
demand for organic cucurbit production. It has been reported that in a well-managed
system, organically produced cucurbits can have comparable yields to conventional (Nair
and Ngouajio 2010), but further research is needed to substantiate these results under
diverse growing practices.
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Cucurbit management plans have begun to focus on developing and exploring the
incorporation of integrated pest management (IPM) techniques. The goal of IPM is to
promote the use of sustainable and environmentally friendly production techniques that
reduce the use of chemical based pesticides (Kogan 1998). Many IPM techniques have
been developed for cucurbit production. These techniques include changes in cultivation
methods, the use of non-chemical pest barriers (row covers, trap crops, pheromone
trapping), altering of mechanical strategies, genetic modification, organic soil
amendments, mulches, crop rotation plans, and the use of biological control (OrozcoSantos et al. 1995, Keinath 1996, Olson et al. 1996, Lewis et al. 1997, Pair 1997, Zehnder
et al. 2007, Cavanagh et al. 2009, Waterfield and Zilberman 2012, Rojas et al. 2015,
Leftwich et al. 2016, Phillips and Gardiner 2016). Organic agriculture is limited to IPM
methods that meet organic standards. Currently, there are few certified organic pesticides
on the market and they often have limited effectiveness in controlling key cucurbit pests
(Cline et al. 2008, Pedersen and Godfrey 2011, Tillman et al. 2015b), therefore nonchemical based strategies may be preferable and needed for this system.
Tillage regime has been used as a management strategy for many production
systems, and can have a major impact on the agroecosystem and crop yield. (Sheibani and
Ahangar 2013). Many soil-forming factors are affected by tillage type and frequency.
Intensive tillage can directly cause soil compaction, soil erosion, and reduction in soil
organic matter content, which can reduce plant productivity and alter the soil community
(Batey 2009). It can dramatically affect the entire agroecosystem and have both on-farm
and global impacts (Pimentel and Kounang 1998). A poorly managed system can lead to
overworking the field, causing negative impacts on the physical and chemical soil structure
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and arthropod and soil microorganism biodiversity (Wolters 2000, Van Oost et al. 2006,
Batey 2009, Sheibani and Ahangar 2013).
Cucurbit production systems use a variety of tillage systems, but two popular
systems are conservation tillage and plasticulture. Conservation tillage systems can reduce
soil disturbance, pest pressure, and cause less of an impact on biodiversity than more
rigorous tillage regimes (Stinner and House 1990, Lupwayi et al. 1998, Kladivko 2001,
Aziz et al. 2013, Sheibani and Ahangar 2013). Plasticulture can create greater soil
disturbance, but it results in earlier fruit harvest (Tarara 2000, Lamont 2005). The two
systems can have comparable yields when growing conditions are similar (NeSmith et al.
1994, Tillman et al. 2015b), but in years with cooler temperatures conservation tillage
systems have slower plant growth and decreased yield (NeSmith et al. 1994).
The addition of early-season row cover is a common IPM practice used in many
cucurbit production systems (Nair and Ngouajio 2010). This system involves the use of
spunbonded polyethylene sheets that are secured on the edge and placed over the crop until
pollination is needed (Loy and Wells 1975, Perring et al. 1989, Jensen and Malter 1995).
This creates a greenhouse effect, which alters the microclimate around the plants, greatly
increasing plant quality, yield, and development (Loy and Wells 1975, Soltani et al. 1995,
Arancibia and Motsenbocker 2008, Nair and Ngouajio 2010). The use of row cover has
also been shown to reduce the number of pests and disease in both squash and melon
systems (Webb and Linda 1992, Orozco-Santos et al. 1995), through mechanical exclusion.
By reducing pest numbers on the crop, row covers reduce the number of insecticide
applications needed; helping to decrease pest resistance, non-target effects on beneficial
insects, pesticide residues in food, and chemical run off (Condron et al. 2000).
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There are three major pests that can decimate cucurbit yields through vectoring
plant diseases and by causing feeding damage: squash bug (Anasa tristis [Hemiptera:
Coreidae]) (SB), spotted cucumber beetle (Diabrotica undecimpunctata howardi
[Coleoptera: Chrysomelidae]) (SPCB), and striped cucumber beetle (Acalymma vittatum
[Coleoptera Chrysomelidae]) (STCB). SB can vector yellow vine decline (Serratia
marcescens), and both STCB and SPCB can vector bacterial wilt (Erwinia tracheiphila).
These diseases can devastate cucurbit crops (Margolies et al. 1998, Bruton et al. 2003b,
Cranshaw 2004, Ellers-Kirk and Fleischer 2006, Schmidt et al. 2014). Damage and the cost
of control for STCB and SPCB costs producers $100 million a year in the United States
(Schroder et al. 2001). Chemical insecticides used to control these pests can have varying
results, negatively impact non-target arthropods (including natural enemies and
pollinators), and have the potential to create pest resistance (Margolies et al. 1998, Stark
and Banks 2003, Desneux et al. 2007). Additionally, organically approved insecticides
have little residual activity and may be much less effective than those that are synthetically
derived (Pedersen and Godfrey 2011).
Our study focuses on several IPM techniques to develop more productive growing
systems and reduce pest pressure in organic cucurbit systems. Our two-year study looked
at the organic production of summer squash (Cucurbita pepo) and cantaloupe melon
(Cucumis melo), and the impact of tillage regime and row cover on the arthropod pests
found in each system. Additionally, we compared the yields of each system to determine
potential economic value to growers.
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3.3. Materials and Methods
3.3.1 Study Site
Experiments were conducted in 2013 and 2014 at the University of Kentucky
Horticulture Research Farm, located in Lexington, Kentucky (latitude: 37°58'25.92"N,
longitude: 84°32'5.85"W). In both years of the study 0.135 hectare field sites located in the
organic transition section of the farm were used, with a minimum of 3m grass buffer
separating them from adjoining fields.

3.3.2. Experimental Design
A randomized complete split-block design was used in both 2013 and 2014. Each
block was divided into two main plots (16.5m x 15m) using conventional tillage with raised
beds and plasticulture as one treatment, and strip tillage as our other main plot treatment
(Figure 3.1). Each mainplot consisted of four rows (12m) on 1.8m centers, with 20
transplants per row. The two center rows of each main plot were used as subplot treatment
rows, one row remaining uncovered and the other covered with spunbonded row cover
(Agribon grade-20, Berry Plastics, Indiana, USA) at the time of transplanting. The two
outer rows were uncovered buffer rows and were treated the same as the uncovered
treatment rows, though no data was collected from these rows. Row cover treatments were
randomly assigned to treatment rows and removed at the time of female flower anthesis to
facilitate pollination.

3.3.3. Field Preparation
All inputs were certified for organic use and experiments were conducted under
organic management practices (Table 3.1). In the fall of 2012 and 2013 the experimental
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plots were planted with a cover crop mix of rye (66.7 kg/ha), Austrian winter pea (56.8
kg/ha), and tillage radish (17.3 kg/ha). Organic compost (Woodford County University of
Kentucky Farm, Kentucky, USA) was applied at a rate of 2224 kg/ha before flail mowing
the cover crop in the spring prior to anthesis. In 2013, a walk behind tractor (BCS America
Inc., Oregon, USA) with a strip-tiller attachment was used to till a 20cm wide strip 15cm
deep, and the remaining cover crop residue was left in the field to act as a ground cover in
the undisturbed areas. In 2014, a strip tiller (Hiniker Company Inc., Minnesota, USA) was
used in the strip till rows. In the plasticulture subplots, a disk tiller was used to incorporate
the cover crop residue. Post-tillage, pre-plant organic fertilizer (Nature Safe 10-2-8,
Kentucky, USA) was spread at a rate of 140.9kg N/ha. In the plasticulture system, black
plastic mulch raised bed (91cm wide, 15cm high) rows were constructed. Irrigation was
provided to each row via a centrally placed drip line. Drip tape was placed under plastic
mulch at the time of bed formation. For strip till rows, drip tape was placed on the soil
surface and secured with sod stapes. Mechanical cultivation was used to control weeds inbetween the rows in the plasticulture regime, and hand weeding was used in the strip till
regime.
Summer squash and cantaloupe transplants were 5 weeks (2013) and 3 weeks old
(2014) when planted. A mechanical planter (Rain-Flo Irrigation LLC., Pennsylvania, USA)
was used to set the plants in the field, and 20 plants were placed in each row with 61cm in
row spacing. Row covers were implemented at the time of planting. In 2014, melons were
fertigated (Phytamin 4-3-4, California Organic Fertilizers Inc. California, USA) at a rate
of 17.3kg N/ha using a homemade pressurized tank injector attached to the header line.
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In both 2013 and 2014 insecticides approved for use by the Organic Materials
Review Institute (OMRI) were used when pest density was greater than one cucumber
beetle per plant, with 10 plants scouted. The insectides were: Entrust SC, Dow
AgroSciences, Indiana, USA; PyGanic, Valent, Tokyo, Japan; Surround, NovaSource,
Arizona, USA; Trilogy, Certis, Maryland, USA). OMRI approved fungicides (Nordox 75
WG, Nordox, Oslo, Norway; Trilogy, Certis, Maryland, USA) were applied as needed.

3.3.4 Data Collection
3.3.4.1 Harvest Data
Harvest data was collected for each treatment row throughout the growing season.
Fruit was graded for marketability and insect damage, and both total weight and fruit
number were recorded. In 2013, squash was harvested over a six-week period, and melons
were harvested over a four-week period. In 2014, squash was harvested over a four-week
period, and melon was harvested over a three-week period. The difference in harvesting
time was based on cropping system and variations between the two growing seasons.

3.3.4.2. Insect Pest Data
Recording insect pest presence and abundance in each system was a main focus in
this study. Two data collection methods were used to record the number of insect pests
found in each treatment row. Visual surveys were conducted weekly in both 2013 (squash:
June 5- July 16; melon: June 5 – August 7) and 2014 (squash: June 16 - July 14; melon:
June 16 - August 7); where three, 0.6m2 quadrats were observed in each treatment row for
a 60-second sampling period. All insect pests found on foliage or at ground level were
recorded. In rows where row cover was used, sampling started after row cover removal.
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Pitfall traps were randomly placed in each treatment row weekly in 2013(squash: June 11July 23; melon: June 11 - August 12) and bi-weekly 2014 (squash: June 23- July 21; melon:
June 23 - August 6); with one pitfall trap was placed in each treatment row and filled with
non-toxic antifreeze. A 473.2ml solo cup (Dart Container Cooperation, Michigan, USA)
was used in 2013, but the trap size was increased to a 946.4oz cup in 2014. Traps remained
in the field for a 7-day period, at which point the contents were rinsed with water and stored
in 70% ethanol for identification.
Pest numbers were calculated based on pitfall traps and observational survey data.
Pest numbers were compared in both the squash and melon studies to determine which
management strategies had the greatest impact on pest numbers. Differences between the
growing seasons, such as weather and field conditions, were also recorded although these
were factors outside of the control of the experiment.

3.3.5. Data Analysis
Data were subject to analysis of variance using Proc GLM (SAS version 9.4, SAS
Institute Inc., New York, USA). Total yield was compared across tillage regime and row
cover treatment to determine which growing system and treatment had the greatest yield.
Each study was analyzed for marketable and unmarketable (culled) yield in both years of
the study. Each crop was analyzed individually, no comparisons were made between the
squash and melon studies. Each crop should be viewed as a single study where only tillage
regime and row cover treatment were compared within each system. Pests observed in
surveys and collected in pitfall traps were combined for each treatment and weekly
averages calculated.
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3.4. Results and Discussion
3.4.1. Weather
Average monthly temperatures in both years of the study were lower than the 30year average, except for the months of May and June (Table 3.2). Additionally, April of
2014 was cooler than 2013 and the 30-year average. Spring precipitation in both years of
the study was higher than the 30-year average (Table 3.2), causing difficulty for field
preparation. Nearly twice the average monthly rainfall was recorded in July 2013 and
August 2013 and 2014, creating saturated field conditions and soil compaction, which
contributed to yield loss.

3.4.2. Yield Analysis
In each study, total yields were compared across tillage regime and row cover
treatment to determine which growing system and treatment had the greatest yield. Each
study was analyzed for marketable and unmarketable (culled) yield in both years of the
study. Marketable yield represents the fruit that would be of marketable quality, culled fruit
represents fruit that a grower would not be able to sell, and insect related culls (IRC) are a
subset of culled fruit that are considered culls because of insect feeding damage to the fruit.
Additionally, both fruit weight and number are reported, since many producers sell to
wholesale markets by weight and direct markets per individual fruit.

3.4.2.1. Squash Study
In both study years, plasticulture and row cover increased marketable yield (Table
3, Figure 3.2A, B) and IRC (Table 3.3, Figure 3.2C, D). In 2013, an interaction between
tillage regime and row cover was observed; where plasticulture with row cover had the
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greatest marketable yield weight F=7.66; d.f. 1, 6; P ≤ 0.05) and number (F=9.17; d.f. 1,
6; P ≤ 0.05) and the greatest IRC weight (F=39.02; d.f. 1, 6; P ≤ 0.01) and number (F=5.38;
d.f. 1, 6; P ≤ 0.05). In 2014, no interaction between tillage and row cover was observed,
but plasticulture had significantly greater marketable yield weight (F=51.28; d.f. 1, 6; P ≤
0.001) and number (F=59.54; d.f. 1, 6; P ≤ 0.001) and greater IRC weight (F=24.47; d.f. 1,
6; P ≤ 0.01) and fruit number (F=26.88; d.f. 1, 6; P ≤ 0.01) than strip illage. When yield
was compared between 2013 and 2014, there was a significant interaction between row
cover use and tillage regime for marketable fruit weight (F=5.56; d.f. 1, 12; P ≤ 0.05) and
number (F=6.81; d.f. 1, 12; P ≤ 0.05).
Plasticulture increased marketable yield weight and number in both 2013 (3.1 and
2.7 fold, respectively) and 2014 (2.6 and 2.3 fold, respectively) as compared to the strip
tillage system. Row cover use increased the marketable yield weight and number in 2013
(2.5 and 2.1 fold, respectively) as compared to the uncovered treatments, but in 2014 row
cover use didn’t show this trend. The greatest marketable yield number and weight were
from the plasticulture with row cover system in both years of the study. The greatest yield
difference in 2013 was observed between the plasticulture/row cover system and strip
till/uncovered system where yields were increased 9.1 (by weight) and 6.0 (by number)
fold in the plasticulture/row cover system. In 2014, the greatest yield difference was
observed between plasticulture/row cover and strip till/row cover with yield increases in
the plasticulture/row cover system 3.0 (by weight) and 2.7 (by number) fold.
Our results support the findings in similar systems (Tillman et al. 2015b, Lilley and
Sánchez 2016) where plasticulture and row cover systems increase marketable yields in
organic squash systems.
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3.4.2.2. Melon Study
In both years marketable yield was unacceptably low in the melon study (Table 3.3,
Figure 3.3A,B) and culls were extremely high, especially 2014 IRC (Table 3.3, Figure
3.3C,D) . In 2013 no significant differences were observed in marketable yields or IRC.
Few marketable melons were produced, and plasticulture increased the number of melon
culled by insect damage. No row cover or interactions were observed in 2014, although
plasticulture showed significantly increased fruit number (F= 6.94; d.f. 1, 6; P ≤ 0.05) and
weight (F = 7.25, d.f. 1, 6; P ≤ 0.05). In 2014 IRC weight (F = 9.63, d.f. 1, 6; P ≤ 0.05) and
fruit number (F = 7.74; d.f. 1, 6; P ≤ 0.05) had significantly different interactions, with
plasticulture and row cover treatments having the greatest culls. There were significant
interaction observed between row cover use and tillage regime with IRC weight (F = 11.62;
d.f. 1, 12; P ≤ .01) and fruit number (F = 7.69; d.f. 1, 12; P ≤ 0.05) being greater in 2014
compared to 2013.
Overall, marketable melon yields were low in both years of the study. Plants under
row cover in 2013 produced no marketable fruit, and in the uncovered treatments
marketable plant yield was extremely low. In 2014, strip tillage systems produced no
marketable yield, and row cover use increased marketable yields in the plasticulture system
4.4 (weight) and 3.5 (number) fold as compared to uncovered treatments. In 2013 poor
growing conditions in the field (compaction, waterlogging, increased disease), resulted in
low yields that a grower would find unacceptable. In 2014, we attribute weed pressure (as
a result of increased precipitation) to the reduced marketable yield in the strip tillage
system, which was similar to observations by Tillman et al. (2015a).
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These results are similar to other studies (Tillman et al. 2015a, Lilley and Sánchez
2016) , which have affirmed strip tillage resulted in poor yields in melon production
systems. Plasticulture and row cover use have been shown to increase marketable yields in
melon (Loy and Wells 1975, Ibarra et al. 2001, Tillman et al. 2015a, Lilley and Sánchez
2016), which was reflected in our 2014 study.

3.4.3 Additional Influence on Yield
The land used in our study was considered “in transition” to organic cultivation.
For over 40 years the research plots had been under conventional management but were in
the three-year transitional period required for organic certification at the time of our
experiment. Seufert et al (68) reports improvement in organic production after two years
of transition; this is supported by our results, with overall yields increasing between 2013
and 2014.

3.4.4. Pest Analysis
STCB, SPCB, and SB were found to be the most abundant pests in both the squash
and melon studies. Additionally, SB egg masses were also found in the squash study, and
recorded as they can be a predictor of future pest pressure (Harmon et al. 2003, Bonjour
et al. 2014). First pest appearance was recorded for these major species in both 2013 and
2014 (Supplemental Table 3.1). Differences in pest arrival to crops between study years
were attributed to weather variation effecting plant growth and insect development. These
major pests were analyzed to compare the pest pressure between the tillage regimes and
row cover treatments in both studies (Table 3.4).
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The use of row cover early in the growing season reduced the number of insecticide
applications compared to the conventional plots. Only 3 (2013; 2014) chemical
applications were needed in the row cover treatments verses 4 (2013) and 5 (2014)
chemical treatments in the squash study. In the melon study 2 (2013) and 5 (2014) chemical
treatments verses 6 (2013) and 7 (2014). Other studies have shown that in carefully
managed systems row cover use can reduced chemical applications in cucurbits by up to
50% (Orozco-Santos et al. 1995, Rojas et al. 2011).

3.4.4.1. Total Adult Insect Pests
The total number of adult pests collected throughout the season is important for
understanding the pest pressure associated with each treatment. Plasticulture had
significantly higher total number of pests in both squash (2014: F = 9.25; d.f. 1, 6; P ≤
0.05) and melon (2013: F = 31.29; d.f. 1, 6; P < 0.001; 2014: F = 45.75; d.f. 1, 6; P ≤
0.001), except for the 2013 squash study. This is consistent with reports that strip tillage
reduces pest numbers (Stinner and House 1990). Although row cover decreased the early
season exposure of the plants to the pests and disease, it increased the number of pests in
the 2014 melon study (F = 10.33; d.f. 1, 6; P ≤ 0.05). No interactions were observed
between tillage regime and row cover use in either system in either year of the study. When
results were compared between 2013 and 2014 tillage was significant for total adult pests
in both the squash (F = 10.40; d.f. 1, 12; P ≤ 0.01) and melon system (F= 46.44; d.f. 1, 12;
P ≤ 0.001). These differences between the seasons were attributed to field conditions and
weather.
Total pest numbers were highest in plasticulture in both the squash and melon
melon studies. With the exception of the 2014 melon study, pests were highest in the
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uncovered treatments. When the total number of adult pests were compared directly to
marketable yield they had no significant impact on squash yield in either year of the study.
When the marketable yield of melon was compared to total pests there was no significant
impact in 2013, but pests significantly reduced yield weight (F= 5.11; d.f. 1, 14; P ≤ 0.04)
and number (F= 7.05; d.f. 1, 14; P ≤ 0.02) in 2014. When total pest number, tillage system,
and row cover were compared, the impact of pests on yield was not significant in either
squash or melon in either year of the study. The effects observed in melon in 2014 were
outweighed by the impact of tillage and row cover, and results were as described above.

3.4.4.2. Striped Cucumber Beetle
The most abundant insect pest in both 2013 and 2014 in both the squash and melon
studies was STCB. Plasticulture significantly increased the number in both the squash
(2014: F = 14.22; d.f. 1, 6; P ≤ 0.01) and melon studies (2013: F = 27.76; d.f. 1, 6; P ≤
0.01; 2014: F = 31.70; d.f. 1, 6; P ≤ 0.001), except in the 2013 squash study. Aside from
increased plant size, one reason for this may be sampling error in the strip tillage
observations. STCB adults often bury themselves in the soil around the plants for
protection and egg oviposition (Mumtaz 2014, Skidmore 2014), therefore observers may
have missed beetles buried in the tilled strip or under the plastic. In the squash study there
was a significant increase in STCB numbers in 2014 from 2013 (F = 10.39; d.f. 1, 12; P ≤
0.01). In the 2013 melon study there was a significantly greater number of STCB, with
tillage having a significant impact (F = 39.47; d.f. 1, 12; P ≤ 0.001).
In both the squash and melon studies, STCB exceeded the standard economic injury
level throughout both 2013 and 2014. All scouting events found greater than our tolerance
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of 1 beetle per plant and the recommend 0.5-1 beetle per plant (Brust et al. 1996, Burkness
and Hutchison 1998, Brust and Foster 1999).

3.4.4.3. Spotted Cucumber Beetles
Tillage regime, row cover, and their interaction had no impact on SPCB numbers in either
squash or melon systems, though they were still found in the fields. When data from 2013
and 2014 was compared, year effects were significant with significantly greater number of
SPCB in 2013. SPCB are gregarious and pests of many other crops (Branson and Krysan
1981, Szalanski and Owens 2003). As active foragers, they have the ability to move with
or leave the cropping system for more favorable foraging and reproduction sites. These
pests should still be considered in an IPM system because of their ability to spread bacterial
wilt and cause feeding damage.
An economic injury level for SPCB has not been reported, but our tolerance
threshold was the same as for the STCB.
3.4.4.4. Squash Bug.
Plasticulture regimes had greater numbers of SB in both of the squash and melon. SB
numbers were not significantly different in the squash study, showing that tillage system
and row cover have little effect on population numbers. In the melon study, the interaction
between row cover and plasticulture significantly increased the number of squash bugs in
2014 (F = 11.37; d.f. 1, 6; P ≤ 0.05). There were no significant differences between the two
years in the melon study; but the interaction between tillage and row cover in the squash
system was nearly significant between 2013 and 2014 (F = 4.79; d.f. 1, 12; P ≤ 0.06).
Similar results were found by Cartwright et al (Cartwright et al. 1990) when comparing
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bare ground to plastic mulch systems. Plasticulture is suspected to create a more suitable
habitat, by increasing temperature and harborage areas for adults and nymphs (Cartwright
et al. 1990). Economic injury levels for SB have not been reported, but the industry
standard economic industry level is 2 adult SB per plant in most cucurbit crops (Dogramaci
et al. 2006). SB numbers never reached this threshold in the squash or melon studies, but
insecticide applications for SPCB and SPCB also helped to reduce the number of SB.

3.4.4.5 Squash Bug Egg Masses
SB egg masses were found in both squash and melon studies, but in the melon study
numbers were too low to be considered for analysis. In the squash study there were no
differences in 2013, but there were significantly more egg masses in the plasticulture
system in 2014 (F = 11.96; d.f. 1, 6; P ≤ 0.01). When the two years were compared, tillage
(F = 5.03; d.f. 1, 12; P ≤ 0.05) and row cover (F = 5.92; d.f. 1, 12; P ≤ 0.05) significantly
impacted the number of egg masses found; but no interaction was observed. The use of
plasticulture appears to reflect the results found in the SB system. Row cover use early in
the season prevented overwintering SB adults from laying egg masses on covered plants,
therefore more egg masses were found in uncovered treatments both years.

3.4.5. Summary
Our study shows that marketable yield is greatest in plasticulture systems for both
melon and squash, supporting the results of previous studies (Mahadeen 2014, Tillman et
al. 2015a, b, Lilley and Sánchez 2016). Plasticulture systems have been shown to have
increased soil temperatures as compared to strip tillage, even at depths of 15cm (Tillman
et al. 2015b), and this increased soil temperatures has been attributed to increased cucurbit
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biomass and yield (Jenni et al. 1996, Baker and Reddy 2001, Tillman et al. 2015b). For
growers looking to increase plant growth early in the season, the increase in soil
temperature in a plasticulture system could be beneficial; alternatively plasticulture’s
increase in soil temperature later in the season may negatively impact late season plantings
and yield (Baker and Reddy 2001). Strip tillage increases soil moisture which impacts vine
growth and yield by creating cooler soils temperatures which would negatively impact
early season plantings but benefit late season plantings (Hoyt et al. 1994, Johnson and Hoyt
1999, Verhulst et al. 2010, Tillman et al. 2015a). Plasticulture had greater pest pressure
than the strip tillage system in both systems in both years of our study, establishing that
cucurbits in strip tillage have reduced pest pressure. Tillage regime is important in
management decisions. A tillage system that produces greater marketable yields may result
in a grower willing to invest in other management methods to control the pests.
Our results show that row cover does increase yield weight and number in squash
and melon systems, this is similar to results of previous studies (Orozco-Santos et al. 1995,
Cline et al. 2008, Tillman et al. 2015a, b). Row covers are beneficial in organic IPM
systems for increasing temperatures in early season production, for acting as a pest barrier,
to prevent plant disease, and reduce the use of insecticide (Webb and Linda 1992, OrozcoSantos et al. 1995, Condron et al. 2000). In melon production systems it has been shown
that row covers can create extremely warm temperatures that can injure plants (Jenni et al.
1996, Ibarra et al. 2001); which, in combination with weak transplants, may have
contributed the yield losses seen in 2013. Row cover did not have a significant impact on
overall pest presence, except for the melon study in 2014 where it increased pest presence.
It did reduce the amount of organic insecticide used and protected plants from predation
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and disease, resulting in more productive plants. Products like ProtekNet mesh (Brown
2014, Hanna et al. 2015), or a thinner polyethylene cover could be used as an alternative
row cover in future studies to create a more favorable growing climate while protecting
from pest damage.
A major component of an IPM system is the use of multiple methods to control
pests and reduce the environmental impacts of an agriculture system, while still providing
producers an economically viable production system (Kogan 1998). It has been shown that
pest arthropod populations increase in organic production systems, but research suggests
pest impact is reduced when considered at the farm level (Garratt et al. 2011). Plasticulture
with the use of row cover produced the greatest marketable yields, but also increases the
overall pest abundance. The greatest IRC were observed in plasticulture systems, but insect
damage only significantly decreased marketable yields in the 2014 melon study.

Strip

tillage has been shown to support greater natural enemy and microbial biomass (Mäder et
al. 2002, Hole et al. 2005, Verhulst et al. 2010, Lewis et al. 2016), but reduced yields do
not make these systems viable. Yield decreases observed in the strip tillage and uncovered
treatments were unacceptably low, particularly in the melon system. This agrees with the
findings of our collaborators (Tillman et al. 2015a, Lilley and Sánchez 2016), leading to
the conclusion that plasticulture is a more productive system for squash and melon
production.

3.5. Conclusions
Developing alternative pest management solutions while maintaining or increasing
yield should be a future research focus. Future work must focus on the incorporation of
more effective means to control insect pests in organic cucurbit systems. The potential for
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row cover to be beneficial has been clearly demonstrated, but future improvements in row
cover material and season long applications must be investigated. While strip tillage with
the use of row cover may be ideal from an IPM perspective, yield reductions do not make
this system economically feasible. Future plant breeding research to improve yields may
make this tillage system a viable alternative to plasticulture.
The results of our study can be directly applied to an organic cucurbit IPM system.
Although there is strong evidence towards the benefits of strip tillage in certain agricultural
settings, it does not appear that strip tillage is preferable to plasticulture in the production
of organic cucurbit crops, particularly melons. Alternative IPM methods will need to be
investigated for these cropping systems. Our results show that it is important to understand
the combined impact of growing practices, such as tillage regime and row cover, on a
cucurbit system.
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Table 3. 1 Timeline of major field operations for summer squash and muskmelon studies
in 2013 and 2014 at University of Kentucky Horticulture Research Farm, Lexington,
Kentucky.

Previous Field Use
Cover Crop Sown
Seeds Planted
Strip Tillage
Conventional Tillage and Plastic Beds
Formation
Transplant Date; and Row Cover
Implementation
Row cover Removal
First Harvest
Last Harvest

Squash
2013
2014
…
Organic
Cucurbits
Fall 2012
…
14-May
16-May 20-May
16-May 20-May

Muskmelon
2013
2014
…
Organic
Cucurbits
Fall 2013
…
1-May
20-May
20-May
20-May
20-May

27-May

2-Jun

27-May

2-Jun

25-Jun
21-Jun
23-Jun

21-Jun
27-Jun
18-Jun

1-Jul
26-Jul
12-Aug

21-Jun
28-Jun
13-Aug
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Table 3. 2. Monthly air temperature (˚C) and total precipitation (cm) in 2013 and 2014 and
30-year monthly average for Fayette County, Kentucky.
Month
April
May
June
July
August
1

Average Monthly Temperature
2013
2014 30-year average
55.0
43.0
55.7
64.6
65.1
64.4
72.3
73.2
72.9
73.2
72.1
76.5
73.6
74.0
75.3

2013
5.16
5.64
6.53
9.17
7.13

Precipitation
2014
30-year average
5.96
3.95
4.25
6.82
4.57
4.58
2.66
4.68
6.46
3.68

Monthly data acquired from Kentucky Mesonet, at the Fayette County, Kentucky, location located

at the University of Kentucky Horticulture Research Farm.
2

NOAA National Center for Environmental Information monthly summaries used to calculate a

30-year average from 1985-2014.
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Table 3. 3. Mean marketable yield, unmarketable yield (culls), and culls related to insect damage from organically managed summer
squash and muskmelon studies at the University of Kentucky Horticulture Research Farm, Lexington, Kentucky, 2013 and 2014.
2013
Tillage

Row cover

Marketable
kg/acre

Squash

Plasticulture

Total Cull

No. Fruit

kg/acre

2014

Culls related to insect
damage
No. Fruit
kg/acre
No. Fruit

Marketable
kg/acre

Total Cull

Culls related to insect
damage
kg/acre
No. Fruit

No. Fruit

kg/acre

No. Fruit

3,039

6,147

2,801

5,379

2,762

6,037

2,606

5,653

yes

5,644

7,945

2,082

2,984

1,918

2,593

4,497

no

2,485

4,034

597

1,276

526

1,132

4,336

10,89
5
9,715

yes

2,036

3,190

724

1,379

630

1,132

1,524

4,062

1,519

3,321

1,369

2,772

no

618

1,317

142

474

121

391

1,846

4,803

1,403

2,909

1,237

2,580

Tillage

+ + +*

+++

+++

+++

+++

+++

+++

+++

++

++

++

++

Row cover

+++

+++

+++

+++

+++

+++

-

-

-

-

-

-

+

+

+++

-

+++

-

-

-

-

-

-

-

Strip
Tillage

50

Significance

Tillage*Row cover

Muskmelon

Plasticulture

Strip
Tillage

yes

0

0

1,578

514

122

20

1,761

384

17,437

3,925

8,762

1,811

no

59

41

1,534

474

61

41

404

110

6,858

2,058

1,582

357

yes

0

0

2,304

865

0

0

0

0

2,325

686

1,035

247

no

162

41

264

83

0

0

0

0

1,389

467

502

137

Significance
Tillage

-

-

-

-

-

+

+

+

+++

+++

++

+

Row cover

-

-

-

-

-

-

-

-

++

++

++

+

Tillage*Row cover

-

-

-

-

-

-

-

-

++

++

+

+

*-, +, + +, + + + Nonsignificant, significant at P≤ 0.05, 0.01, 0.001 (respectively), based on F test
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Table 3. 4. Mean number of pests per week from organically managed summer squash and muskmelon studies at the University of
Kentucky Horticulture Research Farm, Lexington, Kentucky, 2013 and 2014.

Total Pests

Tillage

Row cover

Plasticulture

yes
no
yes
no

Strip Tillage
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Tillage
Row cover
Tillage*Row Cover
A. vittatum

Plasticulture
Strip Tillage

Estimated Number of Insects per square meter
Organic Squash
Organic Muskmelon
2013
2014
2013
2014
7.27
9.87
8.14
5.27
6.93
18.39
8.63
4.14
3.32
7.76
2.49
3.03
5.65
8.16
3.88
2.16
Significance
-*
+
+++
+++
++
-

yes
no
yes
no

5.29
5.34
1.82
4.60

8.88
13.32
6.05
7.00

Tillage
Row cover
Tillage*Row Cover

-

++
-

7.47
8.16
2.11
3.54

4.26
3.76
2.59
1.98

+++
-

+++
-

Significance
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Table 3.4 continued
Diabrotica
undecimpunctata howardi
Plasticulture
Strip Tillage

yes
no
yes
no

0.61
0.38
0.34
0.47

0.81
0.54
0.72
0.49

0.47
0.31
0.29
0.20

0.42
0.38
0.35
0.09

Significance
Tillage
Row cover
Tillage*Row Cover

-

-

-

-

yes
no
yes
no

1.37
1.21
1.17
0.58

0.18
4.53
0.99
0.67

0.20
0.16
0.09
0.13

0.59
0.00
0.09
0.09

-

+
++
++

Anasa tristis
Plasticulture
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Strip Tillage

Significance
Tillage
Row cover
Tillage*Row Cover

-

-

yes
no
yes
no

0.43
0.70
0.45
0.63

0.85
1.35
0.63
0.54

A. tristis (egg masses)
Plasticulture
Strip Tillage

Significance
Tillage
++
Row cover
Tillage*Row Cover
*-, +, + +, + + + Nonsignificant, significant at P≤ 0.05, 0.01, 0.001 (respectively), based on F test.
52

Figure 3. 1. Example of experimental plot design used in organically managed summer squash and melon studies at the University of
Kentucky Horticulture Research Farm, Lexington, Kentucky, 2013 and 2014.
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Figure 3. 2. Total marketable yield (A, B) weight and culls due to insect damage weight (C,D) of summer squash harvested from
organically managed summer squash study at the University of Kentucky Horticulture Research Farm, Lexington, Kentucky, 2013 and
2014.
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Figure 3. 3. Total marketable yield (A, B) weight and insect damaged cull weight (C,D) of muskmelon harvested from organically
managed summer squash study at the University of Kentucky Horticulture Research Farm, Lexington, Kentucky, 2013 and 2014.
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Supplemental Table 3. 1. First recorded observation of striped cucumber beetle (STCB),
spotted cucumber beetle (SPCB), and squash bug (SB) after planting in organic summer
squash and melon studies at the University of Kentucky Horticulture Research Farm,
Lexington, Kentucky.
STCB
2013 2014
Organic Squash
Row Cover*
Uncovered
Strip
Plastic

22†
9
15
9

SPCB
2013 2014

SB
2013
2014

28
14
14
14

29
23
28
23

28
14
21
14

14
22
22
9

28
21
21
21

23

23

28

29

35

Organic Muskmelon
Row Cover** 36

Uncovered
9
14
37
14
9
21
Strip
9
14
23
28
9
21
Plastic
9
14
23
14
36
42
*Row cover was removed from organic squash 29 days after planting in 2013 and 18
days in 2014.
**Row cover was removed from organic muskmelon 35 days after planting in 2013 and
18 days in 2014.
† Days after planting

56

Chapter 4
Integrating Row Covers and Strip Tillage for Pest Management in Squash and
Cantaloupe Production

4.1. Abstract
Pest management in cucurbit cropping systems is challenging. As a result chemical
applications are heavily used for managing insect pests and diseases. These studies focused
on the application of integrated pest management (IPM) techniques to control pests and
reduce insecticide sprays, while maintaining the quality and quantity of marketable yields,
in two commonly grown cucurbit cultivars: cantaloupe (Cucumis melo) and summer squash
(Cucurbita pepe). Plasticulture and strip tillage, two tillage systems commonly used in
IPM, were compared for their impact on yield and pest number during the 2013 and 2014
growing seasons. Additionally, the impact of early season row cover was investigated.
Plasticulture use has greater marketable yields in both summer squash and cantaloupe, but
strip tillage had fewer total pests reported for both crops. Row cover use tended to have
reduced pest numbers, but a negative impact on yield in both summer squash and melon
studies. Insecticide use was reduced in covered treatments, but only by one application.
Extraneous factors, such as weather and soil conditions, are suspected to have influenced
results observed. We conclude that these management techniques have the potential to be
used in an IPM system, but yield may be impacted depending on management techniques
used.
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4.2. Introduction
Cantaloupes, squashes, cucumbers, pumpkins, and other cucurbits [Cucurbitaceae]
are high-value specialty crops valued at >$1.6 billion year in the United States (NASS
2017). Pest management has been historically challenging in these crops because producers
must control plant diseases and herbivorous, disease vectoring insects. Economically
detrimental pathogens of cucurbits include bacterial wilt (Erwinia tracheiphila), cucurbit
yellow vine disease (Serratia marcescens), downy mildew (Pseudoperonospora cubins),
cucurbit powdery mildew (Sphaerotheca fuliginea; Erysiphe cichoracearum), Cucumber
Mosaic Virus, Squash Leaf Curl Virus (Blancard et al. 1994, Zitter et al. 1996, Bruton et
al. 2003b). These pathogens that spread disease, often move quickly throughout a field and
can substantially decrease marketable yield and crop value (Blancard et al. 1994).
Arthropods cause damage by vectoring many cucurbit disease pathogens and
feeding on leaves and fruits (Zitter et al. 1996, Cranshaw 2004). Important pests in cucurbit
systems are the squash bug [Anasa tristis (DeGreer)], striped cucumber beetle (Acalymma
vittatum) and spotted cucumber beetle (Diabrotica undecimpunctata). Squash bug is
known to harbor and transmit the pathogen causing cucurbit yellow vine disease, which
can cause up to 100% yield loss in some cucurbit species (Bruton et al. 2003b, Pair et al.
2004). Cucumber beetles cost producers $100 million dollars per year in crop losses and
control costs (Schroder et al. 2001). These beetles can cause severe feeding damage and
spread bacterial wilt, a disease that can rapidly kill many varieties cucurbit crops (EllersKirk and Fleischer 2006, Rojas et al. 2015).
Chemical use alone does not ensure control of pest arthropods and can have
negative impacts on beneficial arthropods; such as pollinators, natural enemies, and
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microorganisms (Criswell 1987, Desneux et al. 2007, Dively and Kamel 2012). Alternative
control measures to insecticides should be considered (Lewis et al. 1997). To reduce
reliance on chemical controls and potential risk of insecticide resistance, both conventional
and organic cucurbit growers often implement integrated pest management (IPM)
techniques in cucurbit cropping systems. These techniques are designed to reduce sole
reliance on chemical inputs, boost ecosystem functioning, and protect beneficial insects
and increase yield (Kogan 1998, Waterfield and Zilberman 2012).
Research on cucurbit IPM has primarily focused on physical and cultural control of
pests. Physical techniques include the use of row cover barriers, cultivation practices, and
mulching (Orozco-Santos et al. 1995, Zehnder et al. 2007, Rojas et al. 2011). Cultural
control techniques include crop rotation, the use of trap crops, the adjustment of planting
dates, and soil amendments (Keinath 1996, Dogramaci et al. 2004, Cavanagh et al. 2009).
Other techniques include the use of genetically modified plants, biological controls, traps,
and pheromone baits (Olson et al. 1996, Lewis et al. 1997, Pair 1997, Zehnder et al. 2007).
Growers can also use monitoring techniques to more accurately and judiciously use
insecticides (Tollefson 1986).
Two of the most easily manipulated and often used IPM techniques in cucurbit
production systems are the use of row covers and cultivation management. Row covers
increase yields in cucurbit systems and act as barrier to pests and diseases (Loy and Wells
1975, Webb and Linda 1992, Orozco-Santos et al. 1995, Nair and Ngouajio 2010).
Cultivation can reduce soil degradation, improve habitat for arthropods and soil microbes,
and increase crop yields (Wolters 2000, Yao et al. 2006, Batey 2009, Aziz et al. 2013,
Sheibani and Ahangar 2013).
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Row covers used in cucurbit production are typically made of spun-bonded
polyethylene sheets that are placed across metal hoops, thereby changing the microclimate
by creating a miniature greenhouse effect around the plants; often resulting in increased
plant yield and vigor (Loy and Wells 1975, Perring et al. 1989, Jensen and Malter 1995,
Soltani et al. 1995, Arancibia and Motsenbocker 2008, Nair and Ngouajio 2010). Both
organic and conventional producers can use row covers to prevent pests and diseases from
accessing the plants, thereby reducing the need for chemical insecticides (Webb and Linda
1992, Orozco-Santos et al. 1995, Condron et al. 2000).
Cultivation can have a substantial impact on soil health and plant productivity. The
two main types of tillage system used in cucurbit production are conservation tillage and
plasticulture. Strip tillage is a form of conservation tillage that reduces disruption of the
soil and increases microbial biomass (Stinner and House 1990, Hoyt et al. 1994, Lupwayi
et al. 1998, Kladivko 2001, Aziz et al. 2013). To reduce the impact of tillage, narrow rows
(8-12 inches wide) are tilled to a depth of 8 inches or less with the remainder of the field is
left untilled (Hoyt et al. 1994). Often a cover crop is planted and allowed to mature then it
is cut and left in the field to create an organic mulch (Leavitt et al. 2011, Montemurro et
al. 2013, Ciaccia et al. 2016). Strip tillage can have equivalent yields to plasticulture
systems in summer squash (NeSmith et al. 1994, Tillman et al. 2015b), but is challenging
for cantaloupe production (Tillman et al. 2015a, Skidmore et al. 2017).
Plasticulture is an often used system in cucurbit growing systems because it can
decrease disease and arthropod pests and increase soil temperatures and yields (Necibi et
al. 1992, Tarara 2000, Baker and Reddy 2001, Mahadeen 2014, Tillman et al. 2015a, b).
One potential drawback of the system is that it requires a more aggressive tillage regime
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for the creation of plastic mulch raised beds, which can lead to loss of soil structure and
organic matter degradation. Plasticulture can reduce the pest and weed pressures in cucurbit
systems (Gilbert et al. 2008, Splawski et al. 2016), but producers typically remove the
plastic mulch at the end of the growing season, further disrupting soil and creating difficult
to recycle non-biodegradable waste (Kyrikou and Briassoulis 2007, Haapala et al. 2014).
Damage to soil from run off (Rice et al. 2001) and compaction can also be a concern in this
system. Although these factors should be a consideration, growers will continue to use
plasticulture until an alternative system has been developed that is comparable in cost and
utility (Haapala et al. 2014).
Our research focused on development and improvement of cucurbit IPM through
the use of row cover and cultivation management. The impacts of these management
practices on yield and pest numbers were investigated for two common cucurbit cultivars,
summer squash and cantaloupe.

4.3. Materials and Methods
4.3.1 Experiment Location and Design
Field sites were located at the University of Kentucky Horticulture Research Farm
in Lexington, Kentucky (latitude: 37°58'25.92"N, longitude: 84°32'5.85"W). Each 0.135
hectare field was separated by a 3m grass buffer from any other experiments conducted in
surrounding fields.
In 2013 and 2014 conventional squash (Cucurbita pepo) and cantaloupe (Cucumis
melo) studies were conducted. Each year, a randomized split-block design was used to
create a total of four plots, each with pairs of main plots (each: 8.2m x 15.2m) that were
randomly assigned strip or conventional tillage treatments. Subplots consisted of four rows
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(12m) on 1.8m centers, containing two outer buffer rows and two center treatment rows.
Grade-20 spun-bonded row cover (Berry Plastics, Evansville, Indiana, USA) was randomly
assigned to one treatment row per subplot while the other treatment row was left uncovered.
Row covers were put in place at planting and removed at the appearance of the first female
flowers to allow for pollination.

4.3.2. Field Preparation.
Field preparation was similar 2013 and 2014 (Table 4.1). A cover crop mix of cereal
rye (Secale cereal) (67.3 kg/hectare), Austrian winter pea (Pisum arvense)
(56.04kg/hectare), and tillage radish (Raphanus sativus L. var. niger J. Kern) (16.8
kg/hectare) was planted in the study fields the previous fall in both 2013 and 2014. In the
early spring, prior to seed development, the cover crop was flail mown to more easily be
incorporated in the plasticulture plots and to leave an organic mulch in the strip tillage
plots. Fertilizer was added at the standard recommended rates (Saha et al. 2015).
The plasticulture subplots were mold-board plowed, disked, and a plastic layer
(Rain-Flo Irrigation LLC., Pennsylvania, USA) was used to form 0.91m wide x 0.15m high
raised black plastic covered beds. Strip tillage rows were 0.2m wide and approximately
0.15m deep, and remaining cover crop residue was left undisturbed for use as a ground
cover in untilled areas. In 2013 a BCS walk behind tractor with a tillage implement (710,
BCS America Inc., Portland, Oregon, USA) was used to form the strip till rows, but in
2014, a strip tiller (6000 Strip Till Components, Hiniker Company Inc., Mankato,
Minnesota, USA) was used. Gramoxone inteon herbicide (Syngenta, Basel, Switzerland)
was applied at the recommend rate and was used between rows and around plot edges in
both subplots to help manage weeds. Drip irrigation lines (FlowControlTM The Toro
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Company, Bloomington, Minnesota, USA) were laid in the center of each row. Drip tape
was left on the surface of the strip tilled plots, with sod staples to loosely secure it in place,
and buried under the surface of the plastic mulch in the plasticulture plots.
Cantaloupe (Cucumis melo var. reticulatus; ‘Athena’) and (Cucurbita pepo L. var.
melopepo; ‘Yellow Crooknecked Squash’) transplants were started from seed (Johnny’s
Select Seeds, Winslow, Maine, USA), grown in a greenhouse, and acclimated to outside
conditions before planting. Transplants were 5 weeks old in 2013 and 3 weeks old in 2014,
this difference was due to water logged soils in 2013 that delayed planting. A mechanical
planter (1600 Series, Rain-Flo Irrigation LLC., East Earl, Pennsylvania, USA) was used to
transplant 20 plants per row with 0.6m spacing. At the time of planting, imidacloprid
(Admire, Bayer, Triangle Park, North Carolina, USA) was injected to the soil (at the label
rate: 73.1 ml/hectare) around the base of all uncovered plants. In the plasticulture system
herbicide and mechanical cultivation were used to control weeds, and in the strip tillage
system herbicide and hand cultivation were used.
Throughout the season cantaloupes were fertigated (11.2 kg Nitrogen/hectare;
Calcium Nitrate 15.5-0-0) using a solo sprayer pump (Solo, Newport News, Virginia,
USA) connected to the irrigation line, but no fertigation was needed in the squash system.
Conventional insecticides and fungicides were applied on a weekly schedule, once pest
density was greater than 1 beetle per 10 plants surveyed and disease (cucurbit powdery
mildew) was detected on the farm. Chemicals used were rotated throughout the season
based on mode of action and applied at label rate (Table 4.3).
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4.3.3. Pest Comparison
To analyze the impact of tillage and row cover on pest management, key pests
(striped cucumber beetle (STCB), spotted cucumber beetle (SPCB), and squash bug (SB)
were recorded throughout the season in the squash and cantaloupe plots using pit fall
trapping and visual surveys. Pit fall traps were randomly placed within each treatment row
and implemented for 7-day periods in 2013 (cantaloupe: 6/3/13 – 8/12/13; squash: 6/3/13
– 7/22/13) and 14-day periods in 2014 (cantaloupe: 6/16/14 – 7/28/14; squash: 6/16/14 –
7/14/14). In 2013 a 0.5L solo cup (Dart Container Cooperation, Michigan, USA) was used
and in 2014 the cup size was increased to 1.0L. Nontoxic antifreeze (Prestone Products
Corporation, Illinois, USA) was placed in the cups to capture arthropods. At the end of the
sampling period samples were rinsed with water and placed in 70% ethanol in a 4.4˚C for
later identification. Additionally, visual pest surveys were conducted on a weekly basis
(cantaloupe 2013: 6/3/13 – 8/5/13; cantaloupe 2014: 6/10/14 – 7/28/14; squash 2013:
6/5/13 – 7/1/13; squash 2014: 6/9/14 – 7/14/14) during both years. Visual surveys began
in uncovered treatments at the time of planting and in the covered treatments at the time of
row cover removal. Three 60-second observations were made, using a 0.6m2 quadrant
randomly placed in plant row area, where all insects on the ground and foliage area were
recorded. Data from both the pit fall and visual surveys were combined for analysis in each
system so that total pest numbers could be combined for analysis.

4.3.4 Data Analysis
An analysis of variance using a Proc GLM (SAS version 9.4, SAS Institute Inc.,
New York, USA) was used to analyze yield and pest data. Marketable yield and
unmarketable yield were compared across tillage and row cover treatment in each study to
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evaluate the productivity of each treatment. Pest numbers were also compared across tillage
and row cover treatment for both studies. No comparisons were made between study years
or crop study (cantaloupe and squash studies) as each study was designed to compare
tillage and row cover use solely within each crop.

4.4. Results
4.4.1. Cantaloupe Study
Striped cucumber beetle (STCB) and spotted cucumber beetle (SPCB) were found
in high enough numbers to compare statistically. Squash bug (SB) was observed in the
field but did not reach our pre-determined economic injury level of 1 per plant. In 2013,
there were no statistical differences between tillage system or row cover treatment on
STCB, SPCB or total pests, as shown in Figure. 4.1.A. In 2014, row cover significantly
reduced the number of STCB (F = 10.23; d.f. 1, 6; P ˂ 0.02) and total number of pests (F
= 12.46; d.f. 1, 6; P ˂ 0.01), and strip tillage reduced the total number of pests (F = 9.15;
d.f. 1, 6; P ˂ 0.02), as shown in Figure 4.1.B. There was no interaction between row cover
use and tillage system in either year of the study.
Marketable yields were lower than unmarketable yields in 2013 in all treatments,
but in 2014 marketable yields were nearly double unmarketable yields in all treatments
(Table 4.2). Plasticulture had the greatest impact on yield in both 2013 and 2014, with
significantly greater yield weight (F = 169.74; d.f. 1, 6; P ˂ 0.001 and F = 156.11; d.f. 1,
6; P ˂ 0.001; respectively) and fruit number (F = 65.64; d.f. 1, 6; P ˂ 0.001 and F = 53.81;
d.f. 1, 6; P ˂ 0.001; respectively). In 2013 there was no significant difference in
unmarketable yield, but in 2014 plasticulture had a significant increase in unmarketable
weight and fruit number (F = 28.69; d.f. 1, 6; P ˂ 0.002 and F = 21.74; d.f. 1, 6; P ˂ 0.003;
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respectively) as compared to strip tillage. Uncovered treatments produced more yield than
covered treatments in both years of the study, but only the 2013 harvest weight was
significantly different (F = 7.20; d.f. 1, 6; P ˂ 0.04). No significant interactions between
tillage treatment and row cover use were observed.
There was a 10.4 fold (2013) and 3.3 (2014) fold increase in marketable cantaloupe
yield weight and a 4.7 fold (2013) and 3 fold (3014) increase in marketable cantaloupe
fruit number in the plasticulture treatments as compared to the strip tillage treatments.
Uncovered plots had a 1.4 fold (2013) and 1 fold (2014) increase in marketable yield weight
and 1.4 fold (2013) and 1.2 fold (2014) increase in marketable fruit number as compared
to row cover treatments. In the plasticulture system, 45.6% (2013) and 71.3% (2014) of the
total yield weight and 40.1% and 68.9% of the total fruit number were marketable. In the
strip tillage system, 8.2% (2013) and 67% (2014) of the total yield weight and 12.9%
(2013) and 63.7% (2014) if the total fruit number fruit number were marketable.

4.4.2. Squash Study
STCB, SPCB, and SB were analyzed statistically, as shown in Figure 4.2.A and
4.2.B. In 2013, strip tillage reduced the number of SB (F = 46.72; d.f. 1, 6; P ˂ 0.001) and
total pests (F = 11.64; d.f. 1, 6; P ˂ 0.01), but tillage had no significant impact on STCB or
SPCB. Row cover use increased the number of SB (F = 20.28; d.f. 1, 6; P ˂ 0.004) but did
not have a significant impact on the other pests. In 2014, strip tillage decreased the number
of total pests (F = 33.44; d.f. 1, 6; P ˂ 0.001), but increased the number SPCB (F = 13.33;
d.f. 1, 6; P ˂ 0.01). Row cover use decreased the number of SPCB (F = 6.97; d.f. 1, 6; P ˂
0.04) and total pests (F = 17.81; d.f. 1, 6; P ˂ 0.006). The interaction between row cover
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use and tillage system resulted in a significant increase in STCB in the uncovered
plasticulture system (F = 29.48; d.f. 1, 6; P ˂ 0.001).
Marketable yields were greater than unmarketable yield in both years of the study
(Table 4.2). Plasticulture resulted in significantly higher marketable yields than strip tillage
in 2013 and 2014, both in weight (F = 19.59; d.f. 1, 6; P ˂ 0.004 and F = 78.98; d.f. 1, 6; P
˂ 0.001; respectively) and fruit number (F = 10.19; d.f. 1, 6; P ˂ 0.02 and F = 66.76; d.f. 1,
6; P ˂ 0.001; respectively). Strip tillage had fewer unmarketable yields than plasticulture
in 2013 and 2014, in both weight (F = 34.45; d.f. 1, 6; P ˂ 0.001 and F = 15.56; d.f. 1, 6; P
˂ 0.008; respectively) and fruit number (F = 8.22; d.f. 1, 6; P ˂ 0.03 and F = 31.78; d.f. 1,
6; P ˂ 0.001; respectively). Row cover and the interaction between tillage and row cover
had no significant difference in the study.
Marketable yield was increased in the plasticulture system as compared to the strip
tillage system 1.4 fold for fruit weight and 1.3 fold for fruit number in 2013 and 1.8 fold
for both fruit weight and number in 2014. Row cover use increases marketable yields by
1.2 fold for fruit weight and 1 fold for fruit number in 2013, but in 2014 uncovered
treatments had 1.2 fold increase in both fruit weight and number. The marketable yield
fruit weight was 83.2% and 83.9% and fruit number was 79.6% and 83.6% of the total crop
yield in 2013 and 2014 plasticulture treatments, respectively. In the strip tillage treatments,
marketable yield fruit weight was 84.1% and 83.2% and fruit number was 78.5% and
83.1% of the total crop yield from these treatments in 2013 and 2014, respectively.

4.4.3. Insecticide Use
Pests and disease were monitored weekly and chemical applications were made
(Table 4.3). In the cantaloupe study, row cover treatments received 7 (2014) chemical
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applications throughout the season whereas uncovered treatments received 8 (2014). In the
squash study, row cover treatments received 4 (2014) chemical applications and uncovered
treatments received 5 (2014).

4.4.4. Weather Data
Climatological data was also collected (Table 4.4) (Kentucky Mesonet 2017,
National Centers for Environmental Information 2017). As compared to the 30-year
average precipitation, recorded rainfall was higher than average in April 2013 (30%) and
2014 (52%), July 2013 (96%), and August 2013 (87%) and 2014 (70%). Average monthly
temperatures were cooler than the 30-year average in April 2013 (3%) and 2014 (54%),
July 2013 (7%) and 2014 (10%), and August 2013 (4%) and 2014 (3%).

4.5. Discussion
4.5.1. Impact of Tillage
Tillage had an impact on both yield and pest management throughout our study.
Marketable yields and overall pest numbers were greatest in the plasticulture systems in
both the squash and cantaloupe studies in 2013 and 2014. Previous studies have shown
increased yields in plasticulture systems as compared to other tillage practices (Parmar et
al. 2013, Mahadeen 2014, Tillman et al. 2015b, a, Lilley and Sánchez 2016), and pest
pressure is often greater in conventionally tilled crops than in reduced tillage systems
(Cheshire and All 1979, Stinner and House 1990, Dieterich Mabin 2017).
Plasticulture contributes to increased yields by increasing soil temperatures,
resulting in increased plant biomass and yield in cucurbit systems (Jenni et al. 1996, Baker
and Reddy 2001, Tillman et al. 2015b). Strip tillage has been shown to decrease soil
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temperatures and increase soil moisture as compared to plasticulture which can impede
vine growth and yield in cucurbits (Hoyt et al. 1994, Johnson and Hoyt 1999, Verhulst et
al. 2010, Tillman et al. 2015a, b). In our studies, plasticulture had greater marketable yields
in both the squash and cantaloupe study. Because of the considerably greater yields in the
plasticulture it was not surprising that these treatments had greater unmarketable yields
than the strip tillage systems.
Because of the environmental benefits of reduced tillage (Stinner and House 1990,
Lupwayi et al. 1998, Mäder et al. 2002, Hole et al. 2005, Verhulst et al. 2010, Aziz et al.
2013, Sheibani and Ahangar 2013, Lewis et al. 2016), one of our objectives was to
determine if strip tillage could be an acceptable alternative to plasticulture in cucurbit
production. Strip tillage underperformed in both years of the study as compared to
plasticulture, and had significantly reduced yields in both the squash and cantaloupe
systems. Conservation systems have the potential to result in comparable yields in
conventional tillage (NeSmith et al. 1994, Hoyt 1999, Tillman et al. 2015b), but this was
not observed in our study.
Several factors may have influenced our results. In the strip tillage system, the
cover crop was extremely thick and difficult to incorporate into the soil with the minimal
tillage we used. This created clumping and compaction that effected plant growth in the
strip tillage system throughout both growing seasons. Mowing the cover crop earlier in the
season or selecting a cover cop with a reduced biomass could be an alternative option to
help reduce this problem in the future.
Tillage did have an impact on STCB, SPCB, and SB. In the cantaloupe system,
plasticulture had an increased total number of pests in both growing systems. Individual
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species (STCB, SPCB, SB) had inconsistent responses to tillage, something also observed
by Quinn et al. (2016) who reported that foliar pest herbivore populations do not always
respond to tillage and can be equally prevalent in strip tillage and conventional tillage
systems.
A grower might be willing to have a reduced yield if input costs are reduced and
increases in beneficial insects, microbial biomass, and soil stability are observed (Holland
2004, Verhulst et al. 2010). In our study these potential benefits, such as reduced pest
pressure, were overshadowed by the reduction of yield observed in both the squash and
cantaloupe. As noted in similar strip tillage studies (Tillman et al. 2015a, Lilley and
Sánchez 2016), the reduced yield observed in the cantaloupe production would not be
acceptable for a grower.
One potential change to improve our system would be better cover crop
management. Cover crops can provide many benefits to agriculture production (Dabney et
al. 2001, Hartwig and Ammon 2002), but cucurbits are not always impacted by these
benefits (Galloway and Weston 1996, Walters and Young 2010). The cover crop used in
our system (cereal rye, Austrian winter pea, and tillage beet mix) was difficult to
incorporate into the soil of strip tillage system and resulted in poor soil tilth and
compaction. We suspect that this decreased soil temperatures (Hoyt 1999) and increased
moisture, drainage, and compaction problems (Stivers-Young and Tucker 1999) in the strip
tillage system. One possible solution to reduce these issues would be to mow the cover
crop earlier in the season, reducing the biomass of the material incorporated into the soil
(Stivers-Young and Tucker 1999, Snapp and Borden 2005, Snapp et al. 2005).

70

4.5.2. Impact of Row Cover Use
Row cover use has been broadly studied and recommended as an IPM technique
that is commonly used in both conventional and organic production to reduce insecticide
use, non-target effects, disease, harvest time, and pest numbers and to improve yields, plant
vigor, and microclimate (Loy and Wells 1975, Perring et al. 1989, Webb and Linda 1992,
Jensen and Malter 1995, Orozco-Santos et al. 1995, Soltani et al. 1995, Ibarra and Flores
1997, Condron et al. 2000, Arancibia and Motsenbocker 2008, Nair and Ngouajio 2010,
Skidmore et al. 2017). Row cover use did not significantly impact yields in our study,
although slightly reduced yields were observed in both years of the cantaloupe study and
in 2014 of the squash study. Pest numbers tended to be reduced in treatments where row
covers were used, although there was an increased number of squash bugs in row cover
treatments in the 2013 squash study.
Several challenges commonly faced by growers may have influenced our results,
including unsuitable environmental temperatures, pollination concerns, and cost-benefit
considerations. The temperatures observed under spun-bonded row covers are often
substantially higher than outside temperatures, which can have a detrimental effect on
cucurbits (Jenni et al. 1996, Ibarra et al. 2001). Alternative materials, such as ProtekNet
mesh (Dubois Agrinovation, Quebec, Canada) may be lighter, more-breathable alternatives
to cloth-type spun bonded materials for cucurbits, but further investigation is needed
(Brown 2014, Hanna et al. 2015). The timing of row cover removal is key for proper plant
pollination and growth (Soltani et al. 1995, Walters 2003, Tillman et al. 2015a, Lilley and
Sánchez 2016). Our management decision to remove row cover at the time of observed
female flower anthesis may have influenced yield by reducing the window of opportunity
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for pollinators to access crops. Additionally, row covers add costs to production and are
often usable for only one season, depending on material weight and handling technique.
With the relative efficiency of conventional insecticides and fungicides, the benefits of row
covers for pest management in cucurbit production might be mitigated by their cost and
potential for yield reduction.
Row covers did not significantly decrease the amount of insecticide used in either
the squash or cantaloupe systems. The difference between treatments was that at the time
of planting, uncovered treatments received a soil application of imidacloprid. This product
was effective at controlling pest populations for the same period of time as the row covers
were in place. Although row covers did not increase yields in our study, Tillman et al
(Tillman et al. 2015a) observed that row covers can increase plant biomass and fruit weight
and may be a useful tool for growers using reduced tillage systems.

4.5.3 Impact of Extraneous Factors
Although the studies were not compared across 2013 and 2014, extraneous factors are
suspected to have played a major role in the differences observed between the two years.
In 2013 unmarketable yield were greater than marketable yield in the cantaloupe study,
and pest numbers were greater in both the cantaloupe and squash studies. Losses observed
in the cantaloupe study were credited to over saturated soils that resulted in compact soils
early in the growing season that prevented proper root growth and water logged soils that
increased disease pressure and fruit rot (personal observation). Additionally, the use of a
rye cover crop could have negatively impacted root growth because of its allelopathic
nature (Walters and Young 2008).
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Crop yields are impacted by changes in climate, weather patterns, and temperatures
(Hatfield et al. 2011). Although we could control the amount of irrigation during drought
periods, the excessive rain events during our study resulted in over-watering and field
flooding that could have negative impacts on yield (Şimşek et al. 2005). These field
conditions created a poor environment for plant growth and development. The plastic
mulch provided better microclimate around the plants increasing plant mass and reducing
losses (Parmar et al. 2013). Weather changes can influence arthropod populations
(Beleznai et al. 2017) and disease pressure . In our study insect pest pressure was lower in
2014, possibly because of the lower spring temperatures and heavy rains throughout the
season.
Arthropod populations vary between years and factors such as climatological patters,
crop management practices, production scale and surrounding landscape can influence
their movement, population size, and taxonomic composition (Bengtsson et al. 2005,
Clough et al. 2007, Lewis et al. 2016, Phillips and Gardiner 2016). The size of the cucurbit
planting, plant size, and surrounding vegetation (trap crops, field edges) can have an effect
on pest immigration and emigration from the field (Bach 1980, 1988, Lawrence and Bach
1989, Dogramaci et al. 2004). Although our study was not designed to examine these
external factors, our results show the clear impact that tillage system and row cover use
can have on pest numbers.

4.5.4. Implications of Results
IPM techniques can be successful and beneficial in many agricultural settings, but
they do not always improve plant production or provide equivalent yields as compared to
more environmentally invasive or intense growing practices. Dogramaci et al (2004)
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reported that trap crops reduced the number of squash bugs and their damage, but
negatively impacted yield in watermelon production. Similar studies investigating the
impact of strip tillage in squash and melon production resulted in reduced yields as
compared to conventional tillage practices (Tillman et al. 2015a, Lilley and Sánchez 2016,
Skidmore et al. 2017). In our system, strip tillage reduced the number of pest insects but
had significant yield reductions, losses, especially in the cantaloupe production system.
Future studies focusing on the improvement of yield strip tillage cucurbit systems should
be considered.
The major focus of these studies was to investigate the practicality of IPM
techniques for squash and cantaloupe production. By comparing different tillage systems
and the use of row covers in two commonly grown cucurbit cultivars producers can have a
better understanding of which production methods will work in these systems. Growers
must consider the environmental impact of their decisions on their future production. This
study provides growers with a comparison of the yield and pest pressure in strip tillage and
plasticulture systems, and has further increased the base of knowledge for IPM strategies
in cucurbit systems.
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Table 4. 1. Order of field operations in 2013 and 2014 at University of Kentucky
Horticulture Research Farm, Lexington, Kentucky, for cantaloupe and squash production.

Field Operation

2013

2014

Cantaloupe Squash

Cantaloupe Squash

Planting of cover crop

Fall 2012

Fall 2013

Squash and cantaloupe seeded

April 15

May 1

Preparation of strip tillage plots

May 20

May 20

Preparation of plasticulture plots

May 20

May 21

Planting date; implementation of row cover

May 21

May 27

Removal of row cover

June 18

June 20

June 16

Start of harvest

July 23

June 21

July 21

June 16

Final harvest

August 12

July 23

August 8

July 18
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Table 4. 2. Mean marketable and unmarketable (cull) yield in the 2013 and 2014 cantaloupe and squash studies at the University of
Kentucky Horticulture Research Farm, Lexington, Kentucky.
2013
Marketable
kg/hectare

2014
Total Cull

Fruit No.

kg/hectare

Marketable

Fruit No.

/hectare

kg/hectare

/hectare

Total Cull

Fruit No.

kg/hectare

/hectare

Fruit No.
/hectare

Cantaloupe

77

PRz

24,449

11,001

34,672

17,355

61,287

21,175

27,103

11,495

PN

33,964

14,457

35,145

20,645

65,490

25,713

23,974

9,680

SR

2,126

2,043

30,316

18,830

19,350

7,110

8,085

3,783

SN

3,488

3,403

32,434

18,038

19,056

8,320

10,801

4,993

Ry

0.04

NS

NS

NS

NS

NS

NS

NS

T

0.001

0.001

NS

NS

0.001

0.001

0.002

0.004

NS

NS

NS

NS

NS

NS

NS

NS

R*T

Table 4.2 continued

Squash
PR

39,840

104,363

7,495

24,730

45,028

206,155

8,986

42,350

PN

37,348

104,703

8,095

28,813

53,201

241,395

9,812

45,678

SR

32,074

82,923

5,100

22,008

25,642

117,067

4,881

23,293

SN

23,901

74,300

5,488

21,100

28,777

135,218

6,092

27,980

NS

NS

NS

NS

NS

NS

NS

NS

T

0.01

0.02

0.001

0.03

≤0.001

0.001

0.01

0.001

R*T

NS

NS

NS

NS

NS

NS

NS

NS
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R

z

PR= Plasticulture with row cover; PN = Plasticulture with no row cover; SR = strip tillage with row cover; SN = strip tillage with no row cover

y

R = row cover; T = tillage; R*T = interaction between row cover and tillage

NS

Nonsignificant

Table 4. 3. Chemical applications used for cantaloupe and summer squash studies in 2013
and 2014 at University of Kentucky Horticulture Research Farm, Lexington, Kentucky.
Date
2013

Cantaloupe

Squash

z

Chemical Application

mm/dd/yyyy

Rate
(L/acre)

05/21/2013





imidacloprid

0.07

06/19/2013





Clethodin

0.35

07/17/2013





Ethalfluralin

1.40

earaquat dichloride

1.17

07/24/2013



azoxystrobin

0.17

07/30/2013



penthiopyrad

1.02

08/02/2013



Ethalfluralin

1.40

paraquat dichloride

1.17

azoxystrobin

0.66

08/06/2013



05/27/2014





imidacloprid

0.07

06/27/2014





penthiopyrad

1.02

Bifenthrin

0.29

zeta-cypermethrin

0.35

pyraclostrobin + boscalid

1.32

zeta-cypermethrin

0.28

penthiopyrad

1.02

Acetamiprid

0.28

2014

07/01/2014

07/16/2014

07/22/2014

07/25/2014
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Bifenazate

1.06 (kg/acre)

Quinoxyfen

0.42

myclobutanil

0.29

Table 4.3 continued
08/06/2014



propamacarb hydrocholride

1.40

Acetamiprid

0.28

myclobutanil

0.31

cuprous oxcide
08/13/2014

z



1.4 (kg/acre)

spiromesifen

0.62

penthiopyrad

1.02

Quinoxyfen

0.42

Acetamiprid

0.28

Insecticides: Acetamiprid (Assail 30 SG, United Phosphorus Inc., King of Prussia, Pennsylvania,

USA), Bifenazate (Acramite 50WS, Chemtura Corporation, Philadelphia, Pennsylvania, USA),
Bifenthrin (Brigade 2EC, FMC Corporation, Philadelphia, Pennsylvania, USA), Imidacloprid

(Admire, Bayer, Triangle Park, North Carolina, USA), Spiromesifen (Oberon 2SC, Bayer,
Triangle Park, North Carolina, USA), and Zeta-cypermethrin (Mustang Maxx, FMC Corporation,
Philadelphia, Pennsylvania, USA). Fungicides: Azoxystrobin (Quadris, Syngenta, Basel,
Switzerland), Chlorothalonil (Equus 720 SST, Makhteshim Agan of North America, Raleigh,
North Carolina, USA), Cuprous oxide (Nordox 75 WG, Nordox, Oslo, Norway), Myclobutanil
(Rally 40WSP, Dow AgroScience, Indiana, USA), Penthiopyrad (Fontelis, DuPont, Wilmington,
Delaware, USA), Propamocarb hydrochloride (Previcur, Bayer, Triangle Park, North Carolina,
USA), Pyraclostrobin + Boscalid (Pristine, BASF Corporation, Florham Park, New Jersey, USA),
Quinoxyfen (Quintec, Dow AgroScience, Indianapolis, Indiana, USA), and Zink ion + Manganese
ethylenebisdithiocarbamate (Manzate Pro-Stick, United Phosphorus Inc., Pennsylvania, USA).
Herbicides: Clethodim (SelectMax, Valent, Walnut Creek, California, USA), Ethalfluralin (Curbit
EC, Loveland Products, Loveland, Colorado, USA), Paraquat dichloride (Gramoxone Inteon,
Syngenta, Basel, Switzerland).
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Table 4. 4. Fayette County, Kentucky monthly total precipitation (cm) and air temperature
(˚C) in 2013 and 2014, and 30-year monthly averages. Monthly data for 2013 and 2014
was acquired from the Kentucky Mesonet (http://www.kymesonet.org/historical_data.php)
at the Fayette County, Kentucky, location at the University of Kentucky Horticulture
Research Farm. The 30-year average (1985-2014) calculations were made using the
National Oceanic and Atmospheric Administration’s National Center for Environmental
Information monthly summaries.

Month

Average Monthly Temperature (˚C)

Precipitation (cm)
2013

2014

30-year average

2013

2014

30-year average

April

13.11

15.14

10.03

12.78

6.11

13.17

May

14.33

10.80

17.32

18.11

18.39

18.00

June

16.59

11.61

11.63

22.39

22.89

22.72

July

23.29

6.76

11.89

22.89

22.28

24.72

August

18.11

16.41

9.68

23.11

23.33

24.07
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Figure 4. 1. Mean number of pests per week (total pests, striped cucumber beetle, spotted
cucumber beetle) in conventionally managed cantaloupe for the 2013 (A) and 2014 (B)
growing seasons at the at the University of Kentucky Horticulture Research Farm,
Lexington, Kentucky.

z

y

z

Total Pests = Total pests collected, STCB = striped cucumber beetle, SP = spotted cucumber beetle

y

R = Row cover, T = Tillage, R*T = Interaction between row cover and tillage
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Figure 4. 2. Mean number of pests (total pests, striped cucumber beetle, spotted cucumber
beetle, squash bugs) per week in conventionally managed squash for the 2013 (A) and
2014 (B) growing seasons at the at the University of Kentucky Horticulture Research Farm,
Lexington, Kentucky.

z
y

Z

Total Pests = Total pests collected, STCB = striped cucumber beetle, SP = spotted cucumber beetle,

SB = squash bug
y

R = Row cover, T = Tillage, R*T = Interaction between row cover and tillage
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Chapter 5
The Impact of Tillage and Row Cover on Natural Enemies in Four Cucurbit
Production Systems

5.1 Abstract
Natural enemies are important to pest control in many agroecosystems. Cucurbits
are high value crops that have low pest tolerance. Many integrated pest management
(IPM) techniques have been developed to control these pests, but still little is known
about the role of arthropod natural enemies in these systems. Four independent studies
were conducted to determine the impact of cultivation practices (plasticulture vs strip
tillage) and row cover use on arthropod natural enemies in conventional and organic
squash and melon production. Strip tillage to increase the number natural enemies across
all studies while row cover use tended to decrease natural enemy number.

5.2 Introduction
Cucurbit crops (e.g. muskmelon, squash, pumpkins) are valued at >$1.6 billion
dollars per year in the United States (NASS 2017). These crops are popular with both
organic and conventional producers and are sold through direct and wholesale markets.
Pests of cucurbit crops that can be difficult to control. Acalymma vittatum (striped
cucumber beetle) and Diabrotica undecimpunctata (spotted cucumber beetle) are major
pests, costing producers $100 million per year in the United States (Schroder et al. 2001).
These beetles cause damage through feeding and spreading the pathogen causing bacterial
wilt (Erwinia tracheiphila) in certain cucurbit species, which can decimate a cucurbit field
within 1-3 weeks (Sasu et al. 2010, Rojas et al. 2015). Anasa tristis (squash bug) can also
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damage cucurbits by feeding and spreading the pathogen causing bacterial disease yellow
vine decline (Serratia marcescens) (Bruton et al. 2003b).
Many species of arthropod natural enemies are found in crops in the Cucurbitaceae
famly. Ants (Formicidae), Coleopterans (ex. Carabidae, Coccinellidae) and predatory
Hemipterans (ex. Geocoridae, Nabidae) are suspected to be the most important insect
predators of cucurbit pests in North America (Metcalf and Flint 1962, Snyder and Wise
2001, Cranshaw 2004, Triplehorn et al. 2005, Schmidt et al. 2014). Arachnids, especially
spiders, also contribute to pest management (Marc and Canard 1997, Chatterjee et al. 2009,
Schmidt et al. 2014). Throughout their immature and adult stages these natural enemies
consume pest arthropods. Understanding the implications of agricultural management
practices on natural enemies is important when developing pest management plans.
Successful cucurbit production is dependent on effective insect control. Insecticides
can have negative impacts on non-target insects and other organisms, including natural
enemies and pollinators, and over reliance can foster pest resistance (Stark and Banks 2003,
Frank and Liburd 2005, Desneux et al. 2007). Additionally, organic crop protection is
limited in both the availability and effectiveness of insecticides (Isman 2005, Pedersen and
Godfrey 2011). The concept of integrated pest management (IPM) has been developed to
reduce insecticide use by developing and implementing management techniques that rely
on cultural or mechanical controls and the strategic use of chemical pest management.
Row covers have been developed as an exclusion technique for pest management
in both organic and conventional cucurbit production. Row covers have been documented
to increase cucurbit marketable yields, decrease plant disease, and act as a physical barrier
to pests (Loy and Wells 1975, Jensen and Malter 1995, Soltani et al. 1995, Ibarra et al.
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2001, Nair and Ngouajio 2010, Sánchez et al. 2015). Both conventional and organic
producers can implement them to reduce or eliminate reliance on insecticide applications.
Cultivation practices are extremely disruptive to agroecosystems (Pimentel and
Kounang 1998, Wolters 2000, Batey 2009, Sheibani and Ahangar 2013). Plasticulture
systems, where soil is heavily tilled and plastic mulch covered raised beds are formed, are
frequently used in cucurbit production to increase the yield and quality of cucurbit crops
(Loy and Wells 1975, Ibarra et al. 2001). This system alters the microclimate around plants,
often decreasing pest and disease pressure, and increasing soil temperatures (Loy and Wells
1975, Tarara 2000, Greer and Dole 2003, Cline et al. 2008). Plasticulture usage can be
limited by its cost to growers and the environmental impact of hard to recycle plastic waste
(Jensen and Malter 1995, Kyrikou and Briassoulis 2007, Haapala et al. 2014).
As an alternative to plasticulture, reduced tillage regimes have been developed for
many cropping systems. Reduced tillage practices decrease mechanical disturbance, lower
energy costs, increase soil biodiversity, and are designed to incorporate nutrient rich cover
crops into the soil (Lupwayi et al. 1998, Kladivko 2001, Fageria et al. 2005, Aziz et al.
2013, Sheibani and Ahangar 2013). In many cropping systems reduced tillage regimes can
produce equivalent yields to plasticulture and reduce the impact on the soil quality
(NeSmith et al. 1994, Hoyt 1999, Walters and Kindhart 2002, Tillman et al. 2015b).
Pest control services by natural enemies are conservatively estimated to be valued
at >$4.5 billion annually in US (Losey and Vaughan 2006). Arthropods fill important roles
in agricultural systems, including providing their ecosystem services as natural enemies of
pests and biological indicators of field health. Many arthropods are secondary consumers
that help control populations of pest herbivores and are a highly valued ecosystem service
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(Naylor and Ehrlich 1997, Losey and Vaughan 2006). Agriculture production directly
impacts biodiversity and arthropod populations (McLaughlin and Mineau 1995), by
investigating the impacts of tillage and row cover use on natural enemies we can better
understand the impact these IPM techniques have on natural enemies in both conventional
and organic cucurbit production.
Our large multi-crop system studies focused on the impacts of tillage regime and
row cover use on the natural enemy community. The impact of two tillage regimes and the
use of spun-bonded polypropylene row cover was compared in four individual cucurbit
production systems: conventional squash, conventional cantaloupe, organic squash, and
organic cantaloupe. The focus of this experiment was to document the presence of natural
enemies of cucurbit pests and compare them across tillage regimes within in each
production system.

5.3. Materials and Methods
5.3.1. Field Studies.
Four independent field studies were conducted at the University of Kentucky
Horticulture Research Farm, located in Lexington, Kentucky (37.974N, -84.535W) during
2013 and 2014. A randomized split-plot design was used for each cucurbit system studied.
Summer squash and cantaloupe were grown under conventional and organic management
practices. Plasticulture (conventional tillage with black plastic raised beds) and strip tillage
were the main plot treatments, with each main plot (16.5m x 15m) containing four rows
(12m) on 1.8m centers. The two outside rows were guard rows where no data was collected,
and the two center rows were row cover or no row cover treatments. Each row had 20
transplants (5-weeks old (2013) and 3-weeks old (2014)) and row cover treatments were
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covered with spun-bonded row covers (Agribon grade-20, Berry Plastics, Indiana, USA)
at the time of planting (2013: conventional squash (CS) and organic squash (OS): May 16,
conventional cantaloupe (CC): May 21, organic cantaloupe (OC): May 27; 2014: CS: May
14, OS: May 16, CC: May 27, OC: June 2). Row covers were removed at the time of the
first female flower production (2013: CS and OS: June 16, CC: June 18, OC: July 1; 2014:
CS: June 16, OS: June 14, CC: June 20, OC: June 21). We followed recommended growing
practices (Saha et al. 2015) and all inputs in the organic system were certified for organic
use.

5.3.2. Data Collection
Two data collection methods were used throughout study: visual surveys of plants
for natural enemies and pitfall trap collections. Yield and pest data have been presented in
Skidmore et al. (Skidmore et al. 2017) and Chapter 4.

5.3.2.1. Surveys of Plants for Natural Enemies
Beginning at planting and continuing until the last harvest, treatment rows were
surveyed for natural enemies on a weekly basis in 2013 and a bi-weekly basis in 2014.
During the period of time that row cover was in use, treatments with row cover were not
surveyed. Three, 60-second visual samples per treatment row were taken using a 0.61 m
square quadrant to keep the surveyed area constant. The area, including foliage and ground,
within the quadrant was examined and all insects observed were recorded.

5.3.2.2. Pitfall Trap Collections
One pitfall trap (Luff 1975) was randomly placed within each treatment row. In the
plasticulture system pitfall traps were placed under the plastic mulch and remained covered
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throughout the season, whereas pitfall traps placed in the strip tillage system where placed
in the strip tilled row with only a rain cover (Figure 1). In 2013 traps were set on a weekly
basis and in 2014 on a bi-weekly basis, beginning at planting and continuing until the week
of the last harvest. In 2013 a clear plastic cup (473ml) was used to collect insects, but the
size was increased to a larger clear container (946ml) for the 2014. Traps were filled with
a small amount of non-toxic antifreeze and left in the ground for 7 days. Pitfall traps were
collected and the contents rinsed with water and placed in 70% ethanol for identification.
Identification of specimens was made to the order level in non-insect taxa (Araneae), the
class or order level for general insect observations (Collembola, non-pest Lepidoptera) and
the family level for insects of potential importance to our system.

5.3.3. Statistical Analysis
Data was analyzed using an analysis of variance PROC GLM model in SAS (SAS version
9.4 SAS Institute Inc., New York, USA). Each study and individual field season was
analyzed separately, and subplots were treated as a random factor. To determine which
treatment and growing system had the greatest effect on natural enemy numbers, total
natural enemy number and total number of individuals in key taxa were compared across
tillage system and row cover treatment. The total number of natural enemies observed in
the surveys and collected in pitfall traps was combined for each treatment and weekly
averages were calculated.
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5.4. Results
5.4.1 Natural Enemy Composition
Many orders and species of arthropods were observed throughout the course of this
study (Table 5.1), but we focused our statistical analysis on known cucurbit pest predators.
Arthropods that were collected in the field studies identified from the literature as cucurbit
natural enemies were statistically analyzed. The following species were observed in all
four studies: lady beetles (Coleoptera: Coccinellidae spp.) ground beetles (Coleoptera:
Carabidae spp.), rove beetles (Coleoptera: Staphylinidae spp.), ants (Hymenoptera:
Formicidae spp.), big eyed bugs (Hemiptera: Geocoridae spp.), damsel bugs (Hemiptera:
Nabidae spp.), crickets (Orthoptera: Gryllidae spp.), and spiders (Araneae: Linyphiidae,
Lycosidae, Salticidae, var. spp.). The data from the weekly surveys and pitfall traps was
summed and compared across treatments for the total number of natural enemies and for
individual species in each study (Appendix 1.1).

5.4.2. Conventional Squash Study
Row cover use significantly impacted the number of several natural enemies in the
conventional squash (CS) study in 2013 resulting in increases in the number of ground
beetles (F = 6.21; d.f. 1, 6; P ˂ 0.05), rove beetles (F = 12.31; d.f. 1, 6; P ˂ 0.01), and big
eyed bugs (F = 9.88; d.f. 1, 6; P ˂ 0.02 ). Strip tillage significantly increased the number
of spiders in both 2013 and 2014 (F = 13.43; d.f. 1, 6; P ˂ 0.01; F = 18.91; d.f. 1, 6; P ˂
0.01; respectively). Strip tillage with the use of row cover had significantly more natural
enemies than the other treatments in 2013 (F = 6.06; d.f. 1, 6; P ˂ 0.05). Tillage system
alone had no significant impact in 2013, and row cover and the interaction between row
cover and tillage had no significant impact on in the 2014 growing season.
90

5.4.3. Organic Squash Study
Tillage system had significant impact on the arthropods in the organic squash (OS)
study, but the use row cover resulted in little difference between treatments. In 2013,
plasticulture increased the number of crickets (F = 8.81; d.f. 1, 6; P ˂ 0.03) and lady beetles
(F = 15.28; d.f. 1, 6; P ˂ 0.01). The use of plasticulture resulted in a greater number of big
eyed bugs (F= 6.99; d.f. 1, 6; P ˂ 0.04) in 2014. Strip tillage increased the number of rove
beetles (F = 15.70; d.f. 1, 6; P ˂ 0.01) and the total number of natural enemies (F = 6.37;
d.f. 1, 6; P ˂ 0.5) in 2014, and increased the number of spiders in both years of the study
(2013: F = 10.13; d.f. 1, 6; P ˂ 0.02; 2014: F = 32.15; d.f. 1, 6; P ˂ 0.001). Row cover use
increased the number of rove beetles in 2013 (F = 7.09; d.f. 1, 6; P ˂ 0.03). There were no
interaction between row cover and tillage observed in either year of the study.

5.4.4. Conventional Cantaloupe
Row cover use alone had no significant difference on any natural enemy species
across the treatments in the conventional melon (CC) system in either year of the study.
Plasticulture increased rove beetle numbers in 2013 (F = 21.85; d.f. 1, 6; P ˂ 0.003) and
lady beetle numbers in both years of the study (2013: F = 10.46; d.f. 1, 6; P ˂ 0.02; 2014:
F = 12.39; d.f. 1, 6; P ˂ 0.01). Strip tillage use increased the number of ants (F = 7.13; d.f.
1, 6; P ˂ 0.04) and spiders (F = 11.25; d.f. 1, 6; P ˂ 0.02) in 2014. The interaction between
row cover and tillage resulted in strip tillage and row cover use increased the number of
crickets (F = 8.78; d.f. 1, 6; P ˂ 0.03) in 2014.
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5.4.5. Organic Cantaloupe
In the 2013 organic melon (OC) study the use of row cover had significantly
increased number of ground beetles (F= 10.50; d.f. 1, 6; P ˂ 0.02), rove beetles (F= 27.03;
d.f. 1, 6; P ˂ 0.002), total natural enemies (F= 14.54; d.f. 1, 6; P ˂ 0.01), and near
significance for big eyed bugs (F= 5.41; d.f. 1, 6; P ˂ 0.059); but had significant decreases
on cricket numbers (F= 6.92; d.f. 1, 6; P ˂ 0.04). In 2013 plasticulture increased the number
of crickets (F= 14.09; d.f. 1, 6; P ˂ 0.01), but strip tillage increased ant (F = 6.20; d.f. 1, 6;
P ˂ 0.05), spiders (F = 44.22; d.f. 1, 6; P ˂ 0.001), and total number of natural enemies (F=
6.09; d.f. 1,6; P ˂ 0.05). There was a significant interaction between row cover and tillage
2013, with plasticulture and row cover increasing lady beetle numbers (F= 15.74; d.f. 1, 6;
P ˂ 0.01). In 2014 plasticulture increased lady beetles (F= 7.07; d.f. 1, 6; P ˂ 0.04) and
damsel bugs (F= 7.47; d.f. 1, 6; P ˂ 0.03), and strip tillage increased rove beetle (F= 32.54,
d.f. 1, 6; P ˂ 0.001) and spider (F= 126.31; d.f. 1, 6; P ˂ 0.001) numbers. No row cover or
interaction between row cover and tillage effects were significant in 2014.

5.4.6. Climatological Data
Climatological data was also collected throughout the study. During the 2013 and
2014 study years, temperature and rainfall varied drastically from the 30-year average for
Lexington, Kentucky. Higher than normal rainfall was reported in both years of the study,
particularly around the time of harvest. Temperatures in early spring 2014 were ~7 ˚C
lower than the 30-year average, and slightly lower on average (~1 ˚C) in 2013 and 2014.
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5.5. Discussion
Several species previously reported as natural enemies in cucurbit production were
collected, analyzed, and found to be prevalent within our study systems. Strip tillage tended
to increase all natural enemies in each production system. This is not surprising based on
other reduced tillage studies (House and Stinner 1983, House and Brust 1989, Stinner and
House 1990, Kladivko 2001, Lewis et al. 2016, Dieterich Mabin 2017). Although many
ground-dwelling and foliage-dwelling species known to prey on cucurbit pests, it is
important to note that many additional species of arthropods were observed in both organic
and conventional systems (>60 families from Insecta, Myriapoda, and Chelicerata) in both
years of these studies (Table 5.1).
Visual surveys and pitfall trap samples were combined for analysis. We
acknowledge that pitfall traps can be restrictive as a sampling technique, but are often used
in similar studies for standardization purposes (Mommertz et al. 1996, Duelli et al. 1999).
By combining the results of the pitfall and observational surveys we were able to more
thoroughly evaluate each growing system and management practice. Because of limitations
in these sampling techniques no spatial analysis was used (Athey et al. 2016), therefore
analysis was based on total sample numbers.

5.5.1. Natural Enemies
Strip tillage consistently increases arthropod numbers and overall biodiversity in
agricultural systems (House and Alzugaray 1989, Stinner and House 1990, Lupwayi et al.
1998, Sheibani and Ahangar 2013). Strip tillage consistently increased the total number of
natural enemies, significantly in the 2013 OC, 2014 CS, 2014 CC studies. Similar studies
(Lewis et al. 2016, Dieterich Mabin 2017) also observed greater predator diversity and
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richness in strip tillage systems. The results of this study support evidence that conservation
tillage provides an environment with greater microfauna and habitat diversity that is able
to support a greater diversity of natural enemies (House and Brust 1989, Stinner and House
1990, Kladivko 2001). Row cover use did not have a consistent effect in any of the studies.
Predatory arthropods in cucurbit systems are mostly generalists, increasing
concerns about the possibility of intraguild predation (IGP). Few studies have investigated
the potential influence of IGP on cucurbit pest management. Snyder and Wise (Snyder and
Wise 1999) determined that multiple predators do not preclude biological control and
positively influence squash production.
Although our studies did not explore predation rates within our treatments, many
predators found in our studies have been analyzed using various molecular techniques to
document their predation on cucurbit pests (Desneux et al. 2007, Lundgren et al. 2009,
Schmidt et al. 2014, Dieterich Mabin 2017). Additional taxa (including: Opiliones,
Chilopoda, Acari, Entomobryidae) have also been identified in the literature as cucurbit
pest predators (Lundgren et al. 2009, Schmidt et al. 2014, Phillips and Gardiner 2016,
Dieterich Mabin 2017), but were not detected in high numbers in our system.
Cultivation disrupts mating, arthropod movement, populations size, diversity, and
habitat availability (Roger-Estrade et al. 2010); therefore timing and frequency of
cultivation should be considered in a management plan. Life stage can influence predator
efficiency, because younger pest instars are more vulnerable to predation and smaller
predators can find large prey challenging to attack successfully (Decker and Yeargan
2008). Individual arthropod species experience different seasonality and are influenced
differently by environmental (climate) patterns (Schmidt et al. 2014). Additionally, row
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covers create impervious barriers that prevent natural enemies from efficiently accessing
habitats for reproduction, deterring them from the field (Jensen and Malter 1995) and
negatively impacting establishment. Depending on the arthropod species and level of
adaptability it is not uncommon to see an inconsistent population response to agricultural
practices (Quinn et al. 2016).
Climatological changes throughout the season and abnormal weather events can
influence arthropod herbivory, predation, and interactions (Beleznai et al. 2017). Although
data was not collected in a way to clearly understand the impact of climate in our study,
lower temperatures and heavy rains influenced the microclimate within our cropping
system. Soils in all four systems experienced waterlogging, which can influence the
movement of ground dwelling arthropods within the system. We suspect that the
plasticulture system provided better drainages and warmer microclimate (Loy and Wells
1975) than the strip tillage during the extremely wet seasons we experience during our
study.

5.5.2. Horticultural Influences
Plant size, structure, leaf area, overall health, volatiles, and species all play
important roles in attractiveness to herbivore pests and predators (Mattson 1980, House
and Stinner 1983, Tallamy 1985, Turlings et al. 1990, Bonjour et al. 1991, Leslie et al.
2014). The influence of tillage and row cover on the cucurbit plants themselves (Chapter
4)(Loy and Wells 1975, Orzolek 1996, Skidmore et al. 2017) directly impacted our results.
In both the organic and the conventional systems, plants in the plasticulture treatments
exhibited increased fruit production and yield, even in the presence of greater pest numbers
(Chapter 4)(Skidmore et al. 2017). Yield increases were significant enough in plasticulture,
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that strip tillage may not be advantageous for a cucurbit producer. Although no other
metrics on plant health were recorded, we can attribute increased plant size and vigor to
plasticulture production; something observed in many cucurbit studies (Loy and Wells
1975, Ibarra et al. 2001). The raised beds in plasticulture system helped to drain excess
water from rain events, and help to reduce disease and weed pressure. Similar results have
been well documented in other cucurbit systems (Yaghi et al. 2013, Tillman et al. 2015a,
b, Lilley and Sánchez 2016).

5.5.3. Growing Practices
The results observed in each of our studies (CS, OS, CC, OC) were independent,
but reflect the impacts of growing practice on production and arthropod populations.
Although conventional and organic production systems were not compared in our study, it
is important to point out that both farming practices have a substantial impact on insect
communities. Organic agriculture tends to promote increased biodiversity (Bengtsson et al.
2005) and increased natural enemies as compared to conventional agriculture (Dritschilo
and Wanner 1980, Pfiffner and Luka 2003, Zehnder et al. 2007, Nasir et al. 2015).
However, not all systems are easily converted to organic production because of reduced
yields from lack of pest (insect, weed, disease, etc.) control options, although the highvalue of organic crops can help compensate for these losses (Brumfield et al. 2000,
Reganold and Wachter 2016).
A major consideration is the use of chemical controls in either system. Both organic
and conventional insecticides can have negative impacts on natural enemies (Koss et al.
2005, Biondi et al. 2012) by influencing many biological aspects including: their mobility,
sex ratio, navigation, feeding behavior, oviposition, and learning (Desneux et al. 2007). A
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goal of IPM is to reduce sole reliance on chemical inputs (Biondi et al. 2012) and provide
solutions that can be adapted for both organic and conventional uses. The techniques we
explored in this study can have direct impacts natural enemy species and the environment,
particularly the reduced number of insecticide sprays needed in row cover treatments
(Chapter 4)(Skidmore et al. 2017).
Few studies have compared natural enemies found in organic agriculture as
compared to conventional agriculture. Ellers-Kirk et al. (Ellers-Kirk et al. 2000) compared
striped cucumber beetle control in organic and conventional systems when
entomopathogenic nematodes were added to the soil and found a 50% larval beetle
reduction in both systems. Using data from four field sites (including our data set) Dieterich
Mabin et al. (2017) compared predator abundance found greater predator abundance in
organic cucurbits as compared to conventional cucurbits, but when looking at predatorcommunity composition no significant differences were observed. Although our studies
were not designed to compare organic and conventional practices, these studies (Bengtsson
et al. 2005, Hole et al. 2005, Dieterich Mabin 2017) suggest that growing practice (organic
vs conventional) may not be as influential as management or landscape practices

5.6. Conclusions
Both summer squash and melon are high value crops and understanding the
composition of natural enemies found to these systems is key when developing an IPM
program. Here we have provided information about the impacts of conventional tillage and
strip tillage with the use of early-season row covers on the composition of specific grounddwelling and foliage-dwelling natural enemies taxa found in conventional and organic
production systems. Our results have made a case for the necessity of future investigation
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of these arthropod taxa, especially the need for further analysis of population dynamics and
species identification (an aspect beyond the scope of this initial study).
It is important to remember that factors beyond the ones investigated here can
impact natural enemies. Depending on individual production approaches, a grower’s access
to capital, land composition, scale of production, and yearly fluctuations in climate can all
impact plant yield and arthropod populations (Bengtsson et al. 2005, Clough et al. 2007,
Lewis et al. 2016, Phillips and Gardiner 2016). Costs of production, beyond yield value,
should also be considered when developing management plans. Although biodegradable
products are being investigated, plasticulture and row cover use require greater initial
inputs and result in industrial waste (Jensen and Malter 1995, Kyrikou and Briassoulis
2007, Haapala et al. 2014). Alternatively, strip tillage systems often have an increased need
for labor and for chemical applications (Walters and Kindhart 2002), which can reduce
natural enemy populations and be costly particularly to organic growers. The combination
of different IPM techniques (i.e. crop rotation, inter-cropping, trap cropping, floral
harborages, fertilization, mulching, etc.) can influence arthropod populations (Stinner and
House 1990, Necibi et al. 1992, Zehnder et al. 2007, Cavanagh et al. 2009, HansPetersen
et al. 2010). Collaborative research from across different disciplines is vital to developing
successful IPM programs.
Our observations show there are clear differences in the arthropod composition in
different cucurbit production systems and tillage regimes. Strip tillage supports greater
numbers of natural enemies as compared to plasticulture in both organic and conventional
cucurbit systems. Improving yield in strip tilled cucurbit plantings will be essential before
this growing practice can find widespread acceptance. Row covers reduced the number of

98

insecticide sprays needed, but also tended to decrease the number of natural enemies in the
system. These management techniques have the potential to be used by organic or
conventional growers. Our hope is that our results are informative and can be incorporated
in integrated pest management systems that will help to reduce of environmental impacts
of agriculture.
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Table 5. 1. Arthropod taxa collected using pitfall traps and visual surveys from either plasticulture and strip tillage systems within four
cucurbit field studies located at the University of Kentucky Horticulture Research Farm, Lexington, Kentucky, (37.974N, -84.535W) in
2013 and 2014.
Conventional
Squash
2013
Order

Family

Genus

2014

Organic
Squash
2013

Species

100

Araneae*

2014

Conventional
Melon

Organic Melon

2013

2014

2013

2014

Tillage System
B**

B

B

B

B

B

B

B

S
-

B
P

-

P
-

B
B

S
-

B
-

B
-

B
B

B
B

B
B

B
-

B
B

B
B

B
B

B
S

B

B

B

B

B

B

B

B

B
B

B
P

B
B

B

B
B

S
B

B
B

S
B

Araneidae
Lycosidae
Lynyphiidae
Salticidae
Coleoptera
Anthicidae
Cantharidae
Chauliognathus

pensylvanicus

Carabidae
Chrysomelidae
Alticini
Var.*
Coccinellidae
Coccinella
Coleomegilla
Harmonia
Hippodamia
Curculionidae
Elateridae

septempunctata
maculate
axyridis convergens

Table 5.1 continued
Erotylidae
Lampyridae
Melyridae
Mordellidae
Nitidulidae
Ptiliidae
Scarabaeidae

B
B
B

B
B
S

B
P
B
B

S
B
B

P
B
S
B
P
B

B
B

B
P
B
B

S
B

Staphylinidae
Tenebrionidae

B
B
B

B
B

B
B
B

B
B

B
B
B

B
S
B

B
B
B

B
B
B

Calliphoridae
Chloropidae

B
B

-

S
S

-

S
B

-

S
B

-

Dolichopodidae
Phoridae
Syrphidae
Tachinidae
Tephritidae
Tipulidae

S
B
B
-

B
-

S
B
B
B
-

S
-

B
P
B
S
S

S
-

B
B
B
-

S
B
-

Aphididae
Cicadellidae
Cydnidae
Enicocephalidae
Geocoridae
Miridae
Nabidae
Pentatomidae

S
B
B
B
B
B
-

B
B
B
P
B
-

B
S
B
B
B
-

B
B
-

B
B
B
P
B
B
B
P

B
B
-

B
B
B
S
B
B
B
P

S
S
B
B
-

Cotinis
Cyclocephala
Popillia

nitida
borealis
japonica

Collembola
(subclass)
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Diptera

Hemiptera

Geocoris
Lygus

lineolaris

Table 5.1 continued
Hymenoptera
Apidae

B

B

B

B

B

B

B

B

Braconidae
Diapriidae
Dryinidae
Figitidae
Formicidae
Ichneumonidae
Mymaridae
Platygastridae

B
B
B
B
B
B
B

B
B
-

B
B
B
B
B
B
B

B
-

B
S
B
B
B
B
B
B

B
P

B
S
B
B
B
S
B
B

S
B
P
S

Caelifera

B

B

B

B

B

B

B

B

B

B

B

B

B

B

B

B

Apis
Bombus
Peponapis
Xylocopa
Var.
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Lepidoptera
Orthoptera

mellifera
pruinosa

(sub order)

Gryllidae

*taxa in bold-font were found in great enough number to be considered for statistical analysis
**designates which tillage system the arthropod was found in: strip tillage (S), plasticulture (P), or both (B)

Chapter 6
Peponapis pruinosa nesting site selection in Cucurbita fields under different tillage
regimes
IN SUBMISSION:
Co-Authors: Chasity Dills2, Clancy A. Short3, Karen Goodell2, Ricardo T. Bessin1
1

Department of Entomology, S-225 Ag. Sci. Center North, University of Kentucky,

Lexington, KY 40546-0091
2

Department of Evolution, Ecology, and Organismal Biology, The Ohio State University,

1179 University Drive, Newark, OH 43055
3. Department of Entomology and Nematology, University of Florida, 1881 Natural Area
Dr., Gainesville, FL, 32611

6.1. Abstract
Concerns about global pollinator declines has placed a growing focus on
understanding the impact of agriculture practices on valuable native pollinators in these
systems. Cultivation practices like tillage disrupt agroecosystems and can have negative
impacts on ground-nesting pollinators. The squash bee, Peponapis pruinosa (Say) is a
ground-nesting specialist pollinator of Cucurbita [Cucurbitaceae] crops (i.e. pumpkins and
squash) that often nests in agricultural fields, so may be vulnerable to these practices. We
investigated the impact of tillage on nesting behavior of P. pruinosa in plasticulture and
strip tilled squash systems. We used choice experiments to test nesting substrate preference
and nesting success of caged P. pruinosa in the conventionally tillage (CT) and plastic bed
(PB) plasticulture systems and the strip tillage (ST), and no-tillage (NT) of strip tilled
systems. Our results indicate that P. pruinosa preferred excavating nests in tilled soil zones
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(ST and CT). Strip tillage systems had a greater number of excavated nests; although nests
within the plasticulture system were deeper, suggesting a greater number of brood cells per
nest. Successful pollinator management plans should consider cultivation practices.

6.2. Introduction
The recent declines in pollinator populations have motivated studies that focus on
the value of native bees as pollinators of agricultural crops (Allen-Wardell et al. 1998,
Biesmeijer et al. 2006, Winfree et al. 2009, Potts et al. 2010, vanEngelsdorp and Meixner
2010). Maintaining native or “wild” bee populations is important because they pollinate
many agricultural crops and are more successful pollinators than the honey bee, Apis
mellifera, in many cropping systems worldwide (Willmer et al. 1994, Shuler et al. 2005,
Klein et al. 2007, Winfree et al. 2007, Julier and Roulston 2009). Over 35% of crops benefit
animal pollination (Klein et al. 2007), and native bees comprise the most important group
of pollinators (Kearns et al. 1998). These unmanaged, pollinators can supplement
pollination where they occur alongside managed honey bees or increase the efficiency of
honey bees, enhancing fruit set and yield (Greenleaf and Kremen 2006, Winfree et al. 2007,
Brittain et al. 2013, Garibaldi et al. 2013, Park et al. 2016). In some crops, native bees
contribute more to pollination than honey bees (Willmer et al. 1994, Shuler et al. 2005,
Winfree et al. 2007, Winfree et al. 2008, Julier and Roulston 2009). Though the honey bee
remains the dominant pollinator for most commercial crops in the United States (Calderone
2012), it should be recognized that >4,000 species of North American native bees are
potential crop pollinators (Cane and Tepedino 2001), making them an untapped pollination
resource in many agroecosystems. Wild bee populations are important to foster because
they deliver pollinator services that are economical for growers, especially given the
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increasing cost and declining availability of honey bees (Tepedino 1981, Shuler et al. 2005,
Artz et al. 2011).
Strategies for adequate crop pollination must account for pollinator-dependent crop
and whole-farm management practices that could affect native bee populations throughout
their life cycle (Ricketts et al. 2008, Julier and Roulston 2009). These considerations are
especially important for bees that have life cycles intimately linked with crop host plants
and agricultural landscapes. This study examines the influence of crop management
strategies on a major pollinator of pumpkins and squashes (Cucurbitaceae: Cucurbita), in
North America: the specialist squash bee, Peponapis pruinosa (Say) (Hymenoptera:
Apidae).
Because P. pruinosa often nests in the soil within the planted fields (Julier and
Roulston, 2009; Artz et al., 2011; Skidmore personal observations), it is vulnerable to crop
management techniques that periodically disrupt or alter soil. These bees are active
throughout the entire growing season and pollinate during the morning hours (from predawn to noon) (Tepedino 1981, Sampson et al. 2007). Females without active nests and
males rest within open flowers outside of foraging hours (Hurd Jr et al. 1974). Females
build and provision ground nests as the season progresses. Julier and Roulston (2009)
proposed that female bees select nesting sites that have loose, moist soil (Julier and
Roulston 2009). Impermeable mulches may decrease the availability of nesting habitat and
prevent the emergence of adult bees that overwinter in the fields (Splawski et al. 2014).
Understanding P. pruinosa nesting site selection is important because Cucurbita
crops commonly use soil tillage to reduce weeds, pests, and diseases, and increase yields
(Magdoff and Van Es 2009, Roger-Estrade et al. 2010). Soil tillage may disturb
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underground life stages of bees nesting within the fields decreasing population size (Shuler
et al. 2005).
Studies on the effects of tillage on P. pruinosa nesting site selection have produced
mixed results and the mechanism by which tillage influences bee densities is poorly
understood and challenging to study. Shuler et al. (2005) showed a direct negative
correlation to previous year’s tillage regime with the abundance of P. pruinosa, but Julier
and Roulston (2009) reported no correlation. We examined P. pruinosa nesting substrate
preference and nesting success to compare two common tillage regimes used in cucurbit
crops: plasticulture and strip tillage. Our study examined how readily P. pruinosa nests in
these tillage systems and its preference for particular nesting substrates within each tillage
system. Based on P. pruinosa’s reported preference for loose, non-compact soil we
hypothesized that bees would preferentially build nests and have higher nesting success in
tilled areas.

6.3. Materials and Methods
6.3.1. Study system
Peponapis pruinosa is an important native pollinator of squash and pumpkins
(Cucurbitaceae: Cucurbita)(Fronk and Slater 1956, Hurd Jr et al. 1974, McGregor 1976,
Tepedino 1981), two of the most pollinator-dependent crops in the United States. Insect
pollination of these crops is essential because they are monoecious and have high pollen
requirements for full fruit set (> 1000 grains corresponding to > 10 bee visits) (Adlerz
1966, Jaycox et al. 1975, McGregor 1976, Wien 1997, Delaplane et al. 2000, Masierowska
and Wien 2000, Walters and Taylor 2006, Vidal et al. 2010). P. pruinosa is one of the most
abundant native bees found in Cucurbita fields in the United States (Shuler et al. 2005,
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Sampson et al. 2007). It exhibits a strong fidelity to Cucurbita flowers and its flight season
extensively overlaps with the Cucurbita bloom, making abundant populations able to fully
pollinate cucurbit crops without the need for managed pollinators (Tepedino 1981,
Sampson et al. 2007, Julier and Roulston 2009).

6.3.2. Nesting Substrate Preference Study
We conducted this experiment at the University of Kentucky’s Spindletop Research
Farm (38°07'37.4"N 84°30'30.1"W) during the summers of 2014 and 2016. The
experimental design and crop management techniques were consistent across both years of
the study.
Plots consisted of a 12.2 m x 7.3 m. field, prepared with both strip tillage and
plasticulture. Two plasticulture rows flanked a central tilled row. The field was subdivided
into four subplots each measuring 3 m x 3.7 m to create four substrate zones: plastic bed
(PB), conventional tilled (CT) (area around the plastic bed), strip tilled (ST), and no-till
(NT) (around the strip tilled zone) (Figures 6.1 and 6.2). The PB was 10.2 cm high x 91.4
cm across, leaving 70.0 cm CT areas to each side of the bed. The ST was 50.8 cm wide and
tilled at a depth of 20.3 cm, leaving a 66.0 cm wide NT to each side of the tilled strip. The
total area of each subplot was 11.1 m2, with PB covering 2.8 m2, the CT covering 2.8 m2,
the ST covering 1.6 m2, and the NT covering 4.0 m2.
Standard grower procedures included spraying herbicide on the CT, ST, and NT
areas prior to planting to decrease weed pressure and applying soluble fertilizer through
the irrigation line according to standard production recommendations (Saha et al. 2015).
Drip tape irrigated plants, secured beneath the plastic in the PB and secured by sod staples
in the ST. Because no plants were planted in the CT and NT these areas were not irrigated.
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These management decisions reflected common growing practices used in cucurbit
production in Kentucky.
In June 2014, fourteen three-week-old transplants of ‘Table Ace’ acorn squash
(Johnny’s Select Seeds, Maine, USA), Cucurbita pepo, were planted in each subplot, each
row containing seven plants in an alternating pattern with 0.6 m spacing (Figure 6.2). In
August 2016, ten three-week-old transplants were planted in each subplot, each row
containing five plants with 0.6 m spacing (Figure 6.2). In both years the entire subplot was
covered in spun-bound row cover (Agribon-30 grade, Berry Plastics, Indiana, USA),
covering a 0.3 m area along the outside of the CT in the plasticulture system, but not
affecting the area around strip tilled rows. The row cover was supported by ~0.5 m high
metal hoops, placed 0.6 m apart, and held to the ground with paving stones at
approximately 0.5 m intervals. The row cover excluded pests while containing the P.
pruinosa.
At female flower anthesis, P. pruinosa adults were collected from Cucurbita pepo
plantings at the University of Kentucky Horticulture Research Farm (37°58'21.4"N
84°32'03.4"W), then released under the row covers. Over two weeks during June of 2014,
20 female and 10 male bees were released into each subplot. Over two weeks during August
2016, 28 females and 10 male bees were released into each subplot. The row cover was left
in place for 5 weeks to allow P. pruinosa to build nests. At the end of that time period, row
cover was removed we identified (Figure 6.3) and mapped the nest locations within each
sub plot.
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6.3.3. Statistical Analysis of Nesting Substrate Preference Study
All statistical analyses were conducted using PROC GLM in SAS (version 9.4) (SAS
Institute, Cary, NC). An analysis of variance for randomized complete block design was
used. Significant differences between means were tested using Fisher’s Protected least
squared differences. Results between 2014 and 2016 were individually analyzed and
compared using year and tillage treatment, and their interaction as explanatory variables,
while nesting density was treated as our response variable.

6.3.4. Nesting Success Study
This experiment was conducted at The Ohio State University’s Waterman
Agriculture Field Station in Columbus, Ohio (40° 0'27.24"N, 83° 2'21.16"W) during the
summer of 2014. A 103.6 m long field consisting of eight parallel rows, was planted with
a cover crop consisting of mostly ryegrass with some Brassica napus and Pisum sativum
in October 2013 to prepare the field.
Prior to planting squash, the cover crop was killed with Roundup® (Monsanto
Technology LLC, Missouri, USA) and mechanically flattened with a planter press wheels
attachment (Brillion, Landoll Corporation, Kansas, USA) . We randomly selected four,
25.9 m sections of row on each half of the field for experimental treatments to help
distribute subplots across environmental heterogeneity within the field. For strip till plots,
we left the flattened cover crop in place and tilled a 0.3 m wide strip (ST), flanked by 0.3
m of NT on either side. For plasticulture plots, we tilled a 0.6 m wide area and formed a
10.2 cm high raised bed that was covered in plastic (PB), flanked by 15.2 cm of CT on
either side. Figure 6.4 displays each nesting habitat. In total, we created 16 plots for this
study.
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‘Autumn Delight’ acorn squash (Harris Seeds, New York, USA) seeds were planted
in Ellepots (Ellepot A/S, Storstrømsvej, Denmark). The seeds were treated with Farmore
DI400, azoxystrobin, thiamethoxam, mefenoxam, and fludioxonil to control common
pests, a standard practice for conventional squash. We transplanted the squash seedlings
after five weeks at a density of forty per plot, allowing for 0.6 m between plant spacing and
end space of 0.8 m. Row covers of Agribon-19 (2.1 m wide, Johnny's Selected Seeds,
Maine, USA) were placed over each plot using a 0.6 m high hoop extended with PVC
piping to create tunnels 0.9 m high x 0.9 m wide. Row covers were secured using sod
staples and soil. Squash was irrigated with a drip irrigation line that ran the length of each
row with one emitter for each plant. Fertilizer (19-19-19) was broadcast before tilling at a
rate of approximately 594.1 kg ha-1. No insecticide was applied because row covers
remained in place throughout the experiment (Figure 6.4) (Saha et al. 2015).
We collected P. pruinosa from squash plantings at the Waterman Agricultural Field
Station, Columbus, Ohio (39° 57'40"N, 82° 59'56"W )Three male and five female bees
were introduced into each tunnel when there was an average of one flower per plant (late
July). Bees were allowed to acclimate to the tunnels for two weeks before surveys for nests
began. Nest surveys involved a thorough search of all ground surfaces under each row
cover and were conducted in each plot twice during mid and late August, when active
nesting and flower production overlapped. Both open and closed nests were recorded.
Closed nests were recognized by the size and shape of the plugged nest opening and the
presence of soil debris surrounding the plug. Nests were classified by their location: along
ST rows, along NT margins of ST, along PB rows, or along CT margins of PB. For each
nest, we also recorded whether it was located in bare soil, under dead or living vegetation,
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at base of squash plant stem, or under drip irrigation hoses. To determine whether the nests
constructed in different substrates differed in depth, we measured the depth of each nest
tunnel by inserting a narrow, flexible grass stem into the hole until it met resistance, then
marked and measured the inserted stem length. A correlation between nest depth and brood
cell number has not been established, but the general nest architecture of this species
consists of a vertical tunnel with single brood cells arranged along short lateral branches,
suggesting that deeper nests could have more brood cells (Hurd et al. 1974). If we measured
the same nest more than once, we included only the longest measurement in our data set.

6.3.5. Statistical analysis of Nesting Success Study
The number of squash bee nests was analyzed as a function of the tillage treatment
and the soil substrate. These data were not normally distributed because a number of plots
did not have any nests. To test for differences in the number of nests made in strip tillage
plots compared to plasticulture plots we used a non-parametric Kruskall Wallace 1-sample
test, which is based on ranked data. We conducted these tests in two ways. One analyses
included all plots and the other used only data only from those plots that had at least one
nest to account for any dead bees. We also compared nest densities between the two
substrate types within each plot type using general linear mixed models (GLMM) (SAS
version 9.4) with replicate as a random factor and substrate type as a fixed factor (PB vs.
CT for plasticulture and ST vs. NT for strip till). The nest density was calculated as the
number of nests divided by the area for each substrate type. We used nest density because
the area of each substrate was not equal within treatments. Finally, the estimated depth of
each nest was compared across tillage treatments using a GLMM with replicate as a
random effect and tillage treatment as the fixed effect.
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6.4. Results
6.4.1. Nesting Substrate Preference Study
Nesting density was compared between tillage treatments: strip tillage (NT + ST)
and plasticulture system (CT + PB) (Figure 6.5). In 2014, tillage treatment had no
significant effect on squash bee nesting density (F= 1.85; d.f. = 1, 7; P < 0.3), although the
plasticulture plots had a slightly greater number of nests than the strip tillage plots. In 2016,
tillage treatment had a significant effect on squash bee nest density (F= 19.11; d.f. 1, 7; P
< 0.02), with plasticulture having more nests than strip tillage. When the two years were
compared, tillage and the interaction between tillage and year had no significant ability to
predict nest density significance. There was a significant difference between nesting
density in the years tested, with 2014 having a greater number of nests than 2016 (F= 5.13;
d.f. 1, 15; P < 0.05).
In 2014 (Figure 6.5A), the greatest nesting density was associated with ST, with
lower nest density in PB and NT. There was a significant difference in nest density between
the four tillage zones (F = 5.78; d.f. 3, 9; P < 0.01). Compared to the NT plots, nest density
was approximately seven-fold higher in ST and four-fold higher in CT. PB had the second
lowest nest density, significantly lower than nest density in ST plots. Analysis of data from
2016 revealed similar patterns of significance (Figure 6.5B), except CT and PB were
significantly different in 2016. Tillage treatments again differed significantly in nest
density (F = 4.11, df = 3, 9, P < 0.01) In the PB plots of both years, P. pruinosa only had
access to the soil under the plastic through the planting hole.
There was a significant difference between the nest density recorded in 2014 and that in
2016 with 7.65 nest entrances per female in 2014 and 3.96 nest entrances per female in
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2016. The ST in 2014 had a significantly greater nesting density than in 2016. The nest
densities in CT, PB, and NT showed no significant differences between the two years. The
interaction between tillage and year was not significant.
Climatological data was collected for both 2014 and 2016 (Table 6.1). There was
not enough replication to perform a statistical analysis, but based on literature and the
climate data collected we can make reasonable suggestions about the impact of
temperature, precipitation, solar radiation, and time of sunrise. Temperature was nearly
identical in both years of the study, and we suspect that covering the plots with row cover
prevented precipitation from impacting nesting density. Sunrise was earlier and solar
radiation was greater in July 2014 than in September 2016.

6.4.2. Nesting Success Study
We found almost two times as many nests in strip tillage plots (33) than in the
plasticulture plots (18), but the mean number of nests per plot did not differ significantly
between the treatments considering all plots or just those with at least one nest (Ztwo tailed =
0.144, p = 0.885; Ztwo tailed = 0.13, p = 0.896) (Figure 6.6). We detected nesting activity in
only 3 of the 8 plasticulture, but 6 of the 8 strip till plots. Analysis of the density of nests
indicated that strip till plots had a significantly greater density in the ST than in the NT
substrate areas (F=26.11; d.f. 1, 5; P = 0.004). We did not have enough nests in the black
plastic substrate within the plasticulture treatment to compare nesting preference for this
tillage type. Only one plasticulture plot had nests within the black plastic-covered beds,
and only in the openings made for the plants. The average depth was greater in plastic than
in strip till at a p-value trending towards significance (F = 3.74, d.f. 1, 19.1, P = 0.068)
(Figure 6.7).
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6.5. Discussion
Our study focused on two types of tillage practices commonly used in cucurbit
production. Our nesting surveys tested whether P. pruinosa would nest under two different
tillage regimes, its preference for the common substrate zones found in plasticulture, and
strip tillage production systems: soil underneath plastic in the raised bed area (PB),
conventional tilled soil alongside the plastic beds (CT), strip tillage (ST), and untilled soil
(no-till) next to the strip tillage (NT). Our findings will be useful for evaluating the effects
of different management methods on the nesting biology of this important pollinator.

6.5.1. Nesting Preference Study
While other studies have looked at the effect of tillage during the post-harvest and
pre-planting seasons on emergence (Minter and Bessin 2014, Ullmann et al. 2016), our
study focused on nest site selection by P. pruinosa during the cropping season. Tillage can
decrease populations of overwintering insects and soil organisms (Kladivko 2001, Barker
and Reynolds 2004), but the empirical evidence of its effect on P. pruinosa is mixed.
Minter and Bessin (2014) showed P. pruinosa emerge from nesting sites even after heavy
tillage, but Ullmann et al. (2016) reported decreased emergence of up to 50% after postseason and subsequent field preparation tillage. Julier and Roulston (2009) found that
tillage can negatively impact adult P. pruinosa density, although we did not detect a
significant effect of tillage on nesting density.
In both years of the study, the plasticulture system (PB + CT) had a greater number
of nest entrances than the strip tillage system (ST + NT). Soil in the plasticulture system
was cultivated prior to transplanting, providing an attractive area for P. pruinosa nesting
(Julier and Roulston 2009), but this system is one of the most heavily disturbed systems
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post-crop harvest. CT had the second highest nesting density in 2014, and the highest
density in 2016.
The PB and NT had the lowest nest density in both years of the study. The plastic
bed is often removed and tilled at the end of the season, potentially resulting in population
losses in strip and conventional tillage (Ullmann et al. 2016). Impervious mulches (such as
black plastic) deter P. pruinosa nesting (Splawski et al. 2014), and this was reflected in the
results of our study. Only one nest penetrated the plastic, and all other nests in the PB were
located at the base of plants where the plastic had been punctured. Plastic mulch was likely
more difficult to penetrate than the disturbed soil alongside the plastic or in the tilled strip.
The PB likely decreased aeration and increased soil temperature (Soltani et al. 1995, Ibarra
et al. 2001), potentially deterring bee nesting.
There are many factors that differ between the tilled and untilled soils that may
influence P. pruinosa nest site selection. The NT has more compact soil, making it harder
to excavate a nest, and residual ground cover (from cover-crops or weeds) in these areas
may make it difficult for the bees to reach the soil. However, NT may favor greater survival
than tilled soil in the next season (Ullmann et al. 2016). To preserve the many P. pruinosa
nests in ST, producers using strip tillage could shift the following year’s tillage zone to the
no-till zone of the previous year.
There are several other factors that may explain the differences between results
from 2014 and 2016 (Table 6.1). Monthly temperature and precipitation averages were
similar between July 2014 and September 2016. Solar radiation and differences in sunrise
time did differ, and may influence the biology of P. pruinosa. Seasonal changes in resource
availability and day length may impact bee activity (Kamm 1974, Torchio and Tepedino
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1980, Parker and Tepedino 1982). Peponapis species often begin foraging pre-dawn when
cucurbit flowers open (Rozen Jr and Ayala 1987, Sampson et al. 2007). Because dawn
occurred later in September, P. pruinosa foraging time may have been delayed and
reduced. Seasonal temperature and light changes impact the sex and opening time of
flowers produced by Cucurbita plants (resulting in a greater number of female flowers
opening and closing later in the day) also impacting nesting behavior (Went 1953, Nepi
and Pacini 1993, Wien et al. 2004)(Skidmore personal observations). Future studies should
address how P. pruinosa behavior changes throughout the season.
Although more female bees were used in 2016, fewer nests were found in 2016
(111 nests) than in 2014 (153 nests). Peponapis species begin to excavate and provision
nests early in the season, therefore bees collected later in the season in 2016 may have
already established nesting sites. Peponapis pruinosa females can dig multiple nests
(Splawski et al. 2014), so bees in 2016 may have already invested resources into nest
building for 4-6 weeks prior to collection, limiting their ability to dig new nests. Though
not explicitly tested by our design, results between 2014 and 2016 suggest that nesting site
choice is consistent throughout the growing season.

6.5.2. Nesting Success Study
Though evidence from this study and Splawski et al. (2014) suggest that plastic
mulch is unsuitable as a nesting substrate for P. pruinosa, plastic mulch did not completely
inhibit nesting. When P. pruinosa was caged over plasticulture plots, females sought out
the openings in the plastic near the base of squash plants and along the narrow CT strips
along the plot edges for nest construction. There were fewer nests in PB than in ST,
suggesting that plasticulture could deter nesting P. pruinosa when deployed over extensive
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areas. The observation that the nests in the PB were deeper than those in the ST treatments
is consistent with P. pruinosa females investing more in each nest when suitable nesting
sites were scarce. If true, this pattern supports the hypothesis of (Rosenheim 1996), that
nest scarcity increases investment in each nest. From an applied standpoint, such behavior
could help mitigate the negative effects of scarce nesting habitat on the reproductive output
of P. pruinosa in plasticulture. Further studies that count brood cells by examining
emergence or excavating nests are needed to confirm this behavioral compensation.
Under field conditions, the effect of plasticulture on the nesting and population
dynamics of P. pruinosa likely depends on broader farm management practices such as
treatment of field margins, pesticide regime, field rotation schedule, timing of Cucurbita
flowering, and the proximity to source populations of colonizing bees (Roulston and
Goodell 2011). Nesting aggregations of P. pruinosa tend to occur in uncultivated areas of
grass rather than within fields (Hurd Jr et al. 1974). Reducing P. pruinosa nesting likely
limits its population’s size and contribution to squash pollination requiring growers to
purchase managed bees, such as A. mellifera and the common eastern bumble bee, Bombus
impatiens. Therefore, preventing P. pruinosa nesting could have negative economic effects
for squash producers.

6.6. Conclusions.
Our results indicate that P. pruinosa prefer and more readily excavate nests in tilled
soils, consistent with the results of Julier and Roulston (2009). In the preference study, both
the ST and the CT were preferred by the bees. PB and NT had significantly fewer bee nests,
possibly due to less favorable soil climate. The nesting success study experiments indicate
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that P. pruinosa have greater nesting propensity in strip tillage, although nests were deeper
in the plastic mulch system.
Peponapis pruinosa nested in all tillage zones in both studies, demonstrating the
ability of bees to adapt to the substrates around them. Plastic mulch used in the plasticulture
system reduced but did not completely eliminate nesting. We did not examine the impact
of post-season tilling on P. pruinosa emergence. Future studies should investigate whether
post-season tillage decreases the emergence of bees that have nested in these soil types.
Our study suggests that considering tillage regime is important when developing a
native bee management plan for Cucurbita crops. Other studies examined the impact of
landscape and environment on native bees, but few have focused on the impact of in-field
resources and management on nesting behavior and site selection. Future work will need
to expand upon our research, but our initial results indicate incorporating native bee
behavior and nesting site availability may enhance on-farm pollinator management plans.
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Table 6. 1. Monthly climate and weather averages for July 2014 and September 2016 were
calculated from NOAA Monthly Summaries* for Fayette County, Kentucky, USA.

July 2014

September 2016

Average Air Temperature (F)

72

72

Average High Air Temperature (F)

81

82

Average Low Air Temperature (F)

63

62

Total Solar Radiation (mj/m2)

717

516

5:28am

6:21am

Average Time of Sun Rise (EST)
*https://gis.ncdc.noaa.gov/maps/ncei/summaries/monthly
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Figure 6. 1. Arrangement of plasticulture and strip tillage zones used in 2014 and 2016 Peponapis pruinosa nesting site selection study.
In the plasticulture treatment the plastic-raised bed had a buried dripline and was bordered by the conventional tillage. The strip tillage
had a surface drip line and was bordered by the no till.
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Figure 6. 2 Illustration of plant arrangement and composite nesting site configuration for
the 2014 and 2016 Peponapis pruinosa nesting site selection. Composite of all identified
nest entrances (small dots) from all subplots and location of plant bases (large dots).
Nesting density was calculated based on the number of nests found in each tillage zones
(no tillage (NT), strip tillage (ST), conventional tillage (CT) and plastic-raised bed (PB)).
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Figure 6. 3. Examples of squash bee nest entrance.
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Figure 6. 4. High tunnels permanently covering the plastic and strip till treatments of acorn
squash in the nesting success study in Columbus, Ohio. CT=conventional till; PB = Plastic
bed; NT = No till; ST = Strip till.
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Figure 6. 5. Peponapis pruinosa nesting density comparison between plasticulture and
strip tillage systems in 2014 (A) and 2016 (B) at Spindletop Research Farm, Lexington,
Kentucky. Plasticulture had a greater nesting density in both years of the study, but was
only significant in 2016 (P < 0.02). Individual tillage zones (no tillage (NT), strip tillage
(ST), conventional tillage (CT) and plastic-raised bed (PB)) were compared and in both
years of the study there was a significant difference between tillage regimes (P < 0.01; P <
0.03; respectively).

124

Figure 6. 6. Box plots showing the mean (open squares), median (center horizontal line),
25th and 75th percentiles (boxes), and 5th and 95th percentiles (lower and upper bars) of
Peponapis pruinosa nests per plot (n= 8) of acorn squash grown under two tillage regimes:
plasticulture (Plastic) and strip till (strip) and enclosed in row cover. Five of each male and
female bee were introduced into each tunnel.
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Figure 6. 7. Box plots showing the depth of P. pruinosa nests made in plots of acorn squash
using either strip tillage (strip) or plasticulture (plastic) that were enclosed in row cover.
Five of each male and female bees were introduced into each tunnel. n=3 plasticulture plots
and n= 6 strip till plots.
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Chapter 7
Comparison of Cucumber Beetle Parasitism on Organic and Conventional Farms
7.1. Abstract
Striped and spotted cucumber beetles (Acalymma vittatum and Diabrotica
undecimpunctata, respectively) are major pests of cucurbit crops. Little is known about
the role of parasitoids in these species. Beetle parasitism was compared in organic and
conventional cucurbit farms in central Kentucky. Cucumber beetles were collected from
farms and monitored for parasitoid emergence. Celatoria setosa and Cl. diabroticae were
recovered and identified from both beetle species. Additionally, PCR was successfully
used to detect parasitoids in both beetle species. No differences were observed between
organic and conventional production systems. Landscape factors are suspected to have
greater influence on parasitoid species than production system practices.

7.2. Introduction
Cucurbit [Cucurbitaceae] crops (squashes, pumpkins, melons, etc.) are
economically important globally (York 1992, Cantliffe 2007, Sebastian et al. 2010), and in
the United States are valued at $1.6 billion a year (NASS 2017). Management of these
crops has historically incorporated integrated pest management (IPM) tactics. Cucumber
beetles (striped cucumber beetle (Acalymma vittatum) and the spotted cucumber beetle
(Diabrotica undecimpunctata) are major pests of cucurbit crops. These beetles damage
plants by feeding on plants and spreading the cucurbit bacterial wilt pathogen (Erwinia
tracheiphila)(York 1992, Yao et al. 1996, Rojas et al. 2015). Damage and control of
cucumber beetles costs over $100 million dollars annually in the United States (Schroder
et al. 2001), and E. tracheiphila can cause up to 80% yield loss in 1-3 weeks after the initial
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infection (Sasu et al. 2010, Rojas et al. 2015). Even with the use of available control
options, cucumber beetles still remain a formidable problem for both conventional and
organic growers (Orozco-Santos et al. 1995, Rojas et al. 2015, Phillips and Gardiner 2016).
Research has focused on controlling cucumber beetles through chemical
applications, plant breeding programs, trap cropping, kairomone baits, land management
techniques (cover cropping, rotation, tillage), and mechanical pest barriers (row covers,
plastic mulches, etc.) (Orozco-Santos et al. 1995, Keinath 1996, Olson et al. 1996, Lewis
et al. 1997, Pair 1997, Zehnder et al. 2007, Cavanagh et al. 2009, Waterfield and Zilberman
2012, Rojas et al. 2015, Leftwich et al. 2016, Phillips and Gardiner 2016). Biological
control agents for the control cucumber beetles have been documented (Toepfer et al. 2008,
Toepfer et al. 2009), but research had been limited in scope and primarily focused on their
biology. Three parasitoids, Celatoria setosa and Cl. diabroticae (Diptera: Tachinidae) and
Centistes (Cn.) diabroticae (Hymenoptera: Brachonidae) occur in central and eastern
North America (Gahan 1922, Fischer 1983, Smyth and Hoffmann 2010).
Celatoria spp. that attack cucumber beetles are suspected to be specialists. The
reported preferred hosts of Cl. setosa is striped cucumber beetle (STCB) and Acalymma
spp. (Bussart 1937, Arnaud 1978, Fischer 1981), but Diabrotica spp. have also been noted
as a host (Bussart 1937). The reported preferred host of Cl. diabroticae is spotted cucumber
beetle (SPCB) and Diabrotica spp., but STCB has also been noted as a host (Arant 1929,
Fischer 1983, Eben and Barbercheck 1996, Toepfer et al. 2008). Cl. setosa have 4-5
generations per year, but the life history of Cl. diabroticae has not been clearly explored
(Fischer, 1981). The known life histories of these species are similar (Fischer 1981, Fischer
1983): both overwinter in adult hosts, take approximately 21days to develop (under lab
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conditions), and obtain nutrients from cucurbit nectar (Fischer 1983, Smyth and Hoffmann
2010). Host finding mechanisms of these species have been understudied, but it is believed
that these parasitoids rely on chemical, visual, auditory and tactile-chemosensory cues
(Stireman III et al. 2006) to find hosts.
Centistes diabroticae is known to parasitize STCB, SPCB, and closely related
Diabrotica spp. (Gahan 1922, Toepfer et al. 2008, Smyth and Hoffmann 2010). Smyth and
Hoffmann (2010) found this parasitoid to be prevalent in New York throughout the
growing season and estimated up to 4 generations per year in that region.
The main goals of this study were to identify parasitoids of adult cucumber beetles
that could be incorporated in a biological control program in Kentucky and to compare
parasitism rates in organic versus conventional cucurbit production. To meet our goals
both, laboratory rearing and PCR identification were used to detect parasitism. Our multiyear, multi-farm approach allowed us to develop a clear picture of parasitoid species that
are present on farms under a variety of land management techniques in Kentucky. By
comparing production systems we can evaluate the potential impact of growing practices
on the parasitoids of these beetles.

7.3 Materials and Methods
7.3.1. Collection Location and Farm Information
STCB and SPCB were collected from four farms managed under organic
production standards and four conventional farms (those using synthetic chemical inputs)
during the 2015 and 2016 growing seasons (Table 7.1). For anonymity, farms have been
given an alphabetical designation: farms A-F were organic farms and farms G-J were
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conventional. Six producers participated in both years of the study (Farms A, F, G, H, I,
and J). Two organic producers (Farms B and E) from 2015 were replaced for the 2016
growing season (Farm C and Farm D) due to extraneous circumstances.

7.3.2. Study Design
In 2015 and 2016, cucumber beetle “traps” (Figure 7.1) were placed at each farm
on a bi-weekly basis from May-October, from before planting to after harvest. Each traps
consisted of one standard 50-cell transplant tray (Johnny’s Select Seeds, Maine, USA) of
three-week old Blue Hubbard squash (Organic Cucurbita maxima, var. Blue Hubbard,
Johnny’s Select Seeds, Maine, USA), a variety selected for its attractiveness to cucumber
beetles (Minter 2012). The trays plants contained a yellow sticky card (Great Lakes IPM
INC., USA) to attract and capture cucumber beetles. A 50cm x 76cm yellow foam poster
board (Elmer’s Products, USA) was used as a base for each trap and for additional
attraction.
Collection trays were placed around the edges of Cucurbita fields on each farm for
24hrs. In 2015 the number trays at each farm was proportional to farm size, with small
plots (<0.5 acre) receiving 2 trays and large plots (>0.5 acres) receiving 4 trays. In 2016,
the number of trays was standardized across all farms with 3 trays per farm. Beetles were
hand-collected from trays, brought to the laboratory, and placed into individual 2 oz cups
(Dart Container Cooperation, Michigan, USA). The beetles were fed greenhouse-raised,
squash leaves that had not been treated with any chemical inputs. Leaves were replaced
every four days to provide a constant food source, prevent mold growth, and maintain leaf
moisture. Beetles were kept in an incubator (25°C, 16:8 l:d) and held for 25 days to monitor
for parasitoid emergence.
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Cups were checked every 2 days for parasitoid emergence or beetle death. Dead
beetles were stored in 90% ethanol. The date of parasitoid pupation was recorded and the
pupa were held for emergence. A subset of reference specimens were placed in ethanol
until they could be pinned and identified. At the time of emergence adult parasitoids were
used in an attempt to start a lab colony. Because of their fragility, recovery for identification
was implausible as individual characteristics needed to identify sex and species were too
damaged to be determined in many cases.

7.3.3. PCR Identification
To detect Celatoria parasitism in STCB and SPCB. A subset of STCB and SPCB
that were preserved from the field study and had shown no signs of parasitism were
randomly selected and screened for parasitoid DNA. Up to 6 specimens of both STCB and
SPCB were randomly selected for DNA extraction for each collection date of the study.
DNA was extracted from crushed whole specimens by using DNeasy Blood and
Tissue Kits (Qiagen, Valencia, CA, USA) following the standard animal tissue protocol.
Extrations were preserved in a -20˚C freezer until PCR screening. A tachinid primer (see
methods: (Pook et al. 2017)) was used during PCR to test extracted DNA for Celatoria
parasitoids. Both a positive and negative control were included in the PCRs. Positive
controls contained extracted Celatoria DNA and all PCR reagents. Negative controls
contained all PCR reagents but no DNA. The PCR cycling protocol was 94˚C for one
minute followed by 35 cycles of 94 ˚C for 45 sec, 56 ˚C for 45 sec, 72 ˚C for 45 sec.
Reaction success was determined by electrophoresis of 10 μl of PCR product in 2%
SeaKem agarose (Lonza, Rockland, ME, USA) pre-stained with GelRed nucleic acid gel
stain (1x; Biotium, Hayward, CA, USA).
131

7.3.4. Data Analysis
The total number of parasitized beetles was divided by the total number of beetles
collected to determine the proportion of parasitized beetles, resulting in a value
representing proportion of parasitized beetles. Three separate PROC GENMOD (SAS
version 9.4, SAS Institute Inc., New York, USA) analysis of variance models with binomial
distributions were used to make these comparisons. Proportion of parasitized beetles was
used as the independent variable in all three models. Organic farms and total number of
beetles collected from organic farms were considered dependent variables in the first
model. Conventional farms and total number of beetles collected from conventional farms
were considered dependent variables in the second model. In the final model, production
type and farms were considered dependent variables and were used to compare organic and
conventional production systems. Farm F (the University of Kentucky Horticulture
Research Farm) was selected to be the reference group for the organic farms, and Farm G
was selected to be the reference group for the conventional treatments.

7.4. Results
7.4.1. Field Study
7.4.1.1. Parasitoid Identification
Celatoria setosa and Cl. diabroticae were detected on all farms in both years of the
study (Figure 7.2); this was the first report if Cl. setosa and Cl. diabroticae in Kentucky.
Centistes diabroticae was not collected in either year of the study.
A male specimen of the hyper-parasitoid Parilampus hyalinus Say (Hymenoptera:
Perilampidae) (Figure 7.3) was reared from a Celatoria puparium. However, the identity
of the fly could not be confirmed. Based on pupal size alone, we speculate that this
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specimen emerged from a Cl. diabroticae host. This parasitism event was believed to be
an accidental association as this Parilampus species is known to parasitize other
Chrysomelidae (C. Darling, personal communication).

7.4.1.2. Striped Cucumber Beetle
A total of 1,264 (2015) and 2,263 (2016) STCB were collected from organic farms
and 553 (2015) and 153 (2016) individuals were collected from conventional farms. From
these specimens, a total of 262 (2015) and 548 (2016) Celatoria parasitoids developed
(Appendix 3, Table 3.2).
Parasitism between organic farms differed from Farm F in both years of the study.
In 2015, Farm A (N = 1284, Wald chi square = 26.31, d.f. 1, P < 0.001) and Farm E (N =
1284, Wald chi square = 4.05, d.f. 1, P = 0.04) had greater proportions of parasitized beetles
than Farm F, but Farm B did not significantly differ from Farm F. In 2016, Farm C (N =
2235, Wald chi square = 44.02, d.f. 1, P < 0.001) and D (N = 2235, Wald chi square =
23.59, d.f. 1, P = < 0.001) had significantly greater proportions of parasitism than Farm F,
but Farm A (N = 2235, Wald chi square = 3.57, d.f. 1, P = 0.059) had a smaller proportion
of parasitized beetles. The proportion of the total number of beetles parasitized in the
organic systems was significantly in 2015 (N = 1284, Wald chi square = 8.62, d.f. 1, P =
0.003) showing that parasitism was dependent upon beetle density. In 2016, parasitism
rates were not dependent upon beetle density.
Conventional farms did not show many differences between the farms and Farm G.
In 2015, Farm J (N = 577, Wald chi square = 7.15, d.f. 1, P = 0.008) had a smaller
proportion if parasitized beetles than Farm G, but showed no difference in 2016. Farm H
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and Farm I did not differ from Farm G in either year of the study. The proportion of the
total number of parasitized beetles in the conventional systems was not significant in 2015,
but in 2016 showed dependency on beetle density (N = 148, Wald chi square = 6.13, d.f.
1, P = 0.01).
When the proportion of parasitized beetles was compared between organic and
conventional production systems was no significant difference in either year of the study
(Figure 7.4.A. and B).

7.4.1.3 Spotted Cucumber Beetle
Fewer SPCB were collected than STCB during the study. A total of 1,179 and 1,634
SPCB were collected from organic farms in 2015 and 2016, respectively. Captures from
conventional farms were 707 and 1,210, respectively. A total of 56 (2015) and 273 (2016)
Celatoria parasitoids emerged from these specimens (Appendix 3, Table 3.2).
Parasitism between organic farms differed from Farm F in both years of the study.
In 2015, Farm B (N = 1210, Wald chi square = 6.42, d.f. 1, P < 0.01) and Farm E (N =
1210, Wald chi square = 3.58, d.f. 1, P < 0.059) had a smaller proportion of parasitized
beetles than Farm F, but Farm A did not significantly differ from Farm F. In 2016, Farm A
(N = 1633, Wald chi square = 20.90, d.f. 1, P < 0.001), Farm C (N = 1633, Wald chi square
= 10.73, d.f. 1, P = 0.001) and Farm D (N = 1633, Wald chi square = 10.00, d.f. 1, P =
0.002) had significantly lower proportions of parasitism than Farm F. The proportion of
the total number of beetles parasitized in the organic systems was not different in either
2015 or 2016, showing that parasitism was not dependent upon beetle density.

134

Conventional farms did not show many difference between the farms and Farm G.
Farm J showed no difference from Farm G in 2015, but in 2016 had a smaller proportion
of parasitized beetles (N = 2010, Wald chi square = 7.00, d.f. 1, P = 0.008). Farm H and
Farm I did not differ from Farm G in either year of the study. The proportion of the total
number of parasitized beetles in the conventional systems was significant in 2015 (N =
740, Wald chi square = 4.97, d.f. 1, P < 0.03) and 2016 (N = 1210, Wald chi square = 9.03,
d.f. 1, P < 0.003), showing dependency on beetle density for parasitism.
When the proportion of parasitized beetles was compared between organic and
conventional production systems was no significant difference in either year of the study
(Figure 7.4.C. and D).

7.4.2. PCR Identification
A total of 353 STCB extraction and 443 SPCB DNA extractions and PCR reactions
were performed. Tachinid DNA was detected in 12 STCB samples (8 from organic farms,
4 from conventional farms) and 6 SPCB (3 from organic farms, 3 from conventional farms)
species. All beetles testing positive had died within 10 days of initial collection and showed
no overt signs of parasitoid presence.

7.5. Discussion
Parasitoids, particularly hymenopterans (LaSalle and Gauld 1993) and dipterans
from the Tachinidae family (Grenier 1988, Stireman III et al. 2006), are valued in many
IPM systems (Dent 2000, Heraty 2009). Understanding the interactions between
parasitoids-habitat-hosts has great implications for pest management, but disentangling
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these complex systems and interpreting observations can be challenging (Stireman and
Singer 2003, Heraty 2009).

7.5.1. Field Study
Centistes diabroticae has been documented the US (Illinois, Missouri, New York)
(Gahan 1922, Shaw 1995, Smyth and Hoffmann 2010). However none were found during
this study, or during a preliminary investigation during the 2013 and 2014 growing seasons
(Appendix 3). Climatological barriers are known to limit the distribution of some Centistes
species (Walsh et al. 2003), and Smyth and Hoffman (2010) reported that researchers were
unable to find Cn. diabroticae in Arkansas or Ohio. This could explain the absence of Cn.
diabroticae in our study. In addition, resource competition or low population numbers may
have influenced their absence.
Celatoria setosa and Cl. diabroticae were collected from adult STCB and SPCB.
Although Cl. setosa was thought mainly to be a specialist of STCB, it will parasitize SPCB
(Fischer 1981). Celatoria diabroticae was thought to prefer SPCB and other Diabrotica
species, with low parasitism of STCB (Arant 1929, Fischer 1983, Eben and Barbercheck
1996, Toepfer et al. 2008). Our results confirm that both Celatoria species host ranges
encompass STCB and SPCB. Parasitism of uncommon hosts remained low when compared
to associated hosts (Appendix 3, Table 3.2). Tachinid parasitoids are known to use hostfinding cues that may result in the parasitism of multiple host species; particularly those
that are found in similar ecological niches, have similar physiological, or share a similar
diets (Stireman and Singer 2003, Stireman III et al. 2006). Although this was not observed
in the laboratory assays conducted by Fischer (1983), it is not unexpected that Cl. setosa
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may occasionally parasitize SPCB and that Cl. diabroticae may parasitize STCB in field
settings.
Many IPM programs focus on the prevention and reduction of cucumber beetle egg
laying and larval stages, but understanding natural enemy predation and parasitism on adult
beetles is important. Celatoria are a part of the small percentage (5-10%) of Tachinidae
that attack adult hosts (Stireman III et al. 2006). Because Cl. setosa and Cl. diabroticae
target adult cucumber beetles they are valuable for IPM programs looking to control of
adult cucumber beetles and may have potential importance for early season control (Elsey
1988).
The variation in the proportion of parasitized STCB and SPCB observed between
individual farms was anticipated due to differences in farm size, landscape diversity, and
individual production practices applied in each growing system. Fischer (1981) made
similar observations in his survey of two organic gardens, where no difference in parasitism
rate was observed throughout two growing seasons. Celatoria are dependent upon hosts for
reproduction, it was not surprising that total beetle numbers had an impact on the
proportion of parasitized STCB and SPCB in both organic and conventional farm.
We observed similarities between the proportions of STCB or SPCB parasitized by
Celatoria species in conventionally managed cucurbit systems versus organically managed
cucurbit systems. These results are interesting because all four of the conventional
producers in this study used regular insecticide treatments when STCB and SPCB reached
threshold levels (Saha et al. 2015) in both years of the study, but organic producers used
reduced spraying methods or (in 2 cases/per year) no chemical applications at all (Personal
communication with landowners, see Appendix 3). This would suggest that although
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conventional production systems had fewer beetles and parasitoids than the organic
systems, the rate of parasitism was consistent across growing types whether chemical
insecticides were used or not.
Conventional and organic chemicals used within cropping systems can have
negative effects on parasitoids (Desneux et al. 2007, Biondi et al. 2013), but landscape
factors may also have a great influence (Östman et al. 2001, Landis et al. 2005). Scale and
landscape can have direct and tremendous effect on parasitoid population and behavior
(Kruess and Tscharntke 1994, Landis et al. 2005, Stireman III et al. 2006, Heraty 2009).
Evidence suggests that prey density and farm type (organic vs conventional) are often
overshadowed by landscape and habitat resources (Östman et al. 2001, Elliott et al. 2002,
Landis et al. 2005, Philpott 2013). In Kentucky, many small farms (including all the farms
within this study) are surrounded by unmanaged field edges and by wooded windbreaks.
These features may provide a greater refuge area for the parasitoids and may influence their
behavior.
Adult STCB and SPCB are very mobile and use plant cues to find cucurbit
plantings. Both STCB and SPCB densities are larger in monoculture plantings than
polycultures (Bach 1980, 1988).The size of the cucurbit planting and surrounding
vegetation (trap crops, field edges) can have an effect on beetle immigration and emigration
from the field (Bach 1980, 1988, Lawrence and Bach 1989). Tachinid species are known
to use a variety of host finding cues, including olfactory, auditory, tactile-chemosensory,
and visual cues to find hosts (Stireman and Singer 2003, Stireman III et al. 2006), but little
is known about host finding Celatoria genus (Fischer 1981). Future studies investigating
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Celatoria host finding cues may lead to a better understanding of how these parasitoids
find hosts within complex cucurbit agroecosystems.
Additionally, both Celatoria species were detected through the growing season,
although fewer Cl. diabroticae detected. SPCB is a generalist herbivore they tend to move
between cropping systems (York 1992), which could explain lower numbers of Cl.
diabroticae. No studies have looked at parasitism in other cropping systems. Parasitism
was more consistent STCB which is a specialist herbivore of cucurbits (York 1992).
Because their population remains in cucurbit fields, parasitism may be more consistent
throughout the season because of host and resource availability (Walsh et al. 2003). In
southern regions (i.e. Alabama, South Carolina etc.) parasitism rates early in the season
tend to be higher earlier than later in the season (Arant 1929, Elsey 1988), while northern
areas tend to have detectable populations throughout the season (Fischer 1981, Smyth and
Hoffmann 2010).

7.5.2. Importance of PCR Identification
In previous studies dissection was used to determine if STCB and SPCB specimens
had unmerged parasitoids present. With the development of molecular tools (such as PCR)
detection and identification or parasitoids has become more accurate and applicable for the
use in biological control programs (Unruh and Woolley 1999, Gariepy et al. 2007).
Because of the scale of this project we wanted to test if PCR could replace the standard
dissection and rearing methods in future. The low number of parasitized beetles detected
was not surprising, because the sampled individuals had been given up to 25 days for
parasitoid emergence. All beetles that tested positive for parasitoids had died within 10
days of the initial collection and were not intentionally killed by researchers. Our results
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show that tachinid DNA can be detected within dead cucumber beetles and could be used
for identification purposes in lieu of rearing or dissection.
Because of the close similarities between Cl. setosa and Cl. diabroticae they have
historically been confusing for researchers to identify (Bussart 1937, Fischer 1981, Fischer
1983). In many studies they are only identified to the Celatoria genus for identification.
Species identification and understanding of host and parasitoid biology and interactions are
key to establishing successful cost effective biological management programs (Clausen
1942, Rosen and DeBach 1973, MacDonald and Loxdale 2004, Gariepy et al. 2007, Heraty
2009). Developing PCR identification can help more accurately identify these species, and
should be the focus of future studies.
Tachinid parasitoids have been identified in fewer PCR studies as compared to
hymenopteran species (Stireman III et al. 2006, Gariepy et al. 2007), leading to a great
need for these types of studies. PCR could identify cucumber beetle parasitism rates,
eliminating the need for rearing parasitoids from the host or dissection. Species
identification of all life stages is important for laboratory rearing of biological control
agents (Rosen and DeBach 1973). Many species of Tachinidea are hard to rear in laboratory
settings, making investigation of their physiology and reproduction challenging (Stireman
III et al. 2006). Additionally, physical identification of immature stages of Celatoria has
proven challenging, leading to the need for more advanced identification methods. As
advancements in these techniques are made, time and cost will be reduced making PCR
identification preferred to laboratory rearing techniques (Gariepy et al. 2007).
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7.5.3. Acknowledgement of Confounding Factors
We were permitted to place collection trays along field edges, but our survey
methods prevented sampling from the interior of the cucurbit fields. This decision was
made so as not to disrupt grower activities or cause accidental damage to the plantings.
This could have been a limiting factor in our observations. Our observations may have also
been influenced by other crops and foliage planted on the farms. Although we focused our
collections to fields planted with cultivars in the Cucurbita genus, many cucurbit varieties
were present across the farms (Table 7.1). These limitations are not uncommon when
studying systems on working farms. Real-world studies are important for understanding
how these species interact in on farm settings. Formal studies exploring landscape impacts,
biodiversity, and Celatoria behavior are needed to fully understand the role of these
parasitoids on cucumber beetle populations.

7.6. Conclusions
The decline and extinction of parasitoids, leading to the loss of biodiversity and
potential biological control agents, is of great concern (Heraty 2009). Natural enemy
diversity can enhance pest control (Philpott 2013), showing that parasitoids provide
important services. Our results show that Cl. setosa and Cl. diabrotica are active in both
organic and conventional production systems. Future studies exploring landscape effects
and production scale on parasitoid populations are needed to truly understand the life
history of these species in field settings and the impacts of IPM on their prevalence.
Parasitism in STCB and SPCB has been understudied and the role of these natural
enemies in controlling cucumber beetles is not clearly understood. This investigative study
extends the known geographic rage of Cl. setosa and Cl. diabroticae. We conclusively
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show that both Cl. setosa and Cl. diabroticae have the ability to parasitize both SPCB and
STCB. Future work exploring the seasonality of these parasitoid species, the impact of
field scale, and influences of surrounding landscape are needed to understand their
behavior in field settings. The development of PCR identification for the detection of
cucumber beetle parasitism has the potential to reduce the need for long, labor-intensive
lab rearing and dissection to detect parasitism. Our results show the potential of Celatoria
species to fill a niche as adult cucumber beetle biological control agents in a cucurbit IPM
program.
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Table 7. 1. Profile information for farms used in parasitoid study 2015 and 2016.

Farm

Location

Years of
Participation

38˚13'15''N,
84˚30'29''W

2015, 2016

Cucurbita Cultivars Sampled

Additional Cucurbit Varieties Grown On
Farm

Organic

Farm A

Farm B
Farm C
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Farm D

37˚54'40''N,
84˚23'30''W
37˚34'55''N,
84˚22'27''W
37˚10'53''N,
83˚57'37''W

pepo: acorn, delicata, pattypan, yellow
crook neck, zucchini
moschata: butternut

2015

pepo: varieties unknown

2016

pepo: yellow crook neck, zucchini

2016

pepo: yellow crook neck, zucchini

Cucurbita maxima: pumpkin, blue hubbard
Cucumis sativus
Citrullus lanatus
Cucumis melo var. cantaloupe
NA; additional cultivars present, varieties
unknown
NA; additional cultivars present, varieties
unknown
NA; additional cultivars present, varieties
unknown

Cucumis sativus: varieties unknown
37˚44'13''N,
84˚58'42''W

2015

Farm E

37˚58'15''N,
84˚32'02''W

2015, 2016

Farm F
-

pepo; varieties unknown

Cucumis sativus; varieties

maxima; varieties unknown
moschata; varieties unknown
pepo: acorn (Thelma Sanders' Sweet,
Tip-Top), sweet dumpling (Carnival),
yellow squash (Lazor), zucchini (Dunja,
Spineless King, Spineless Perfection)
maxima: buttercup (Bon Bon)
moschata: butternut (JWS 6823 PMR
F1)

Cucumis melo var. cantaloupe (Athena)
Cucumis lanatus (Sangria, Sugar Baby)

Table 7.1 continued
Conventional

Farm G

37˚24'51''N,
84˚34'25''W

2015, 2016

38˚13'15''N,
84˚30'29''W

2015, 2016

maxima: blue hubbard (Blue Magic)
pumpkin
(Cronus, Field Trip,
Gladiator, Hybrid Pam, Moonshine,
Speckled Hound, Sunshine, Warlock)
Cucumis
melo
var.
cantaloupe
(Aphrodite, Solstice)
pepo: acorn, racer
maxima: blue hubbard, marina di
chioggia, pumpkin (Blue Doll,
Cinderella, Fairytale, Flat White Boer,
Peanut, Porcelain Doll, Red Eye,
Superior)

Farm H
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37˚56'53''N,
84˚54'38''W

2015, 2016

Farm I

pepo: acorn, baby pan, charisma,
delacata, orange smoothie pattypan,
straightnecked
summer
squash
(Zephyr), triple treat

Cucumis melo var. cantaloupe (Athena,
Aphrodite, Goddess, Sweet and Early)

maxima:
banana

Cucumis sativus (Olympia, Diva, Little Leaf
Pickles, White, American Long)

blue

hubbard,

pumpkin,

moschata: butternut, neck pumpkin

37˚30'04''N,
84˚31'18''W
Farm J

2015, 2016

maxima:
pumpkin
(Blue
Doll,
Cinderella, Fairytale, Flat White Boer,
Gladiator, New England Cheddar,
Peanut, Porcelain Doll, Speckled
Hound, Warlock)
mixa: cushaw
moschata: butternut

Citrullus lanatus (Moon and Stars,
Cooperstown, Yellow Doll, Sangria, Sugar
Baby)

Figure 7. 1. Non-lethal cucumber beetle trap. Each trap consisted a yellow foam board, a
yellow sticky card, flags, and a 48-cell tray of three-week-old blue hubbard squash
(Cucurbita maxima) seedlings.

145

Figure 7. 2. [Tachinidae] Celatoria setosa male (A), female (B), wing venation (C), and
wing setae (D). Celatoria diabraticae male (E), female (F), wing venation (G), and absence
of wing setae (H).

A.

B.
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Figure 7.2. continued

C.

D.
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Figure 7.2. continued

E.

F.
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Figure 7.2. continued

G.

H.
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Figure 7. 3. Hyperparasitoid (Perilampidae) emerged from Celatoria puparium.
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Figure 7. 4. Proportion of Celatoria [Tachinidae] parasitized striped (A, B) and spotted (C, D) cucumber beetles collected May-October
in 2015 and 2016 from organic and conventional farms in central Kentucky.
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Chapter 8
Conclusions
Integrated pest management (IPM) has been praised for providing sustainable
solutions to many agricultural systems around the world, with a goal to reduce reliance on
chemical control for the management of arthropod pests, weeds, and diseases (Kogan 1998,
Phillips et al. 2014). For over 40 years the principles of IPM have been developed as a
foundation upon which ecological research and management practices have been based
(Young 2017). As a result, these practices are constantly being developed as new scientific
advancements are reported, helping to ensure the monetary and ecological stability of the
agroecosystem being studied (Phillips et al. 2014).
Cucurbit production systems have been the focus of many IPM programs, but the
implications of many management techniques on arthropods have not been fully
investigated and are under continual development. Because of the high value of these crops
(Bisognin 2002, Gaba et al. 2004, NASS 2017), there is a high demand from organic and
conventional producers to develop effective production systems. Insect pests of cucurbits
are often difficult and costly to manage (Olson et al. 1996, Schroder et al. 2001, Edelson
et al. 2002, Rojas et al. 2011). Often a combination of chemical, cultural, and biological
control practices have been suggested for an effective IPM program (Olson et al. 1996,
Diver and Hinman 2008, Walters et al. 2008, Brandt 2012, Doughty et al. 2016).
The research present within this dissertation has investigated the effects of selected
management approaches on insect pests (i.e. Acalymma vittatum, Diabrotica
undecimpunctata, and Anasa tristis), natural enemies (both predators and parasitoids), and
a specialist pollinator (Peponapis pruinosa), in cucurbit cropping systems. This research
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has helped to further the understanding of the influence of these IPM practices on the
arthropod fauna of these environments.
The first major study presented in this work, analyzed in Chapters 3-5, resulted in
a better understanding of cultivation management practices and row cover use on crop
yields and arthropod (pest and natural enemy) populations within four different cropping
systems (conventional squash, conventional cantaloupe, organic squash, and conventional
cantaloupe). Although each cropping system was analyzed separately, broad conclusions
can be made about the influence of these approaches to pest management.
These projects showed that tillage practices do have an impact on yields and
arthropod presence. Yields were consistently higher (to varying degrees) in the
plasticulture system than in the strip tillage system. Although plasticulture is known to cost
more in materials and be more disruptive to soil communities, the low yields observed in
the strip tillage systems would negatively influence grower adoption of this system.
Although some studies have reported similar yields in plasticulture and strip tilled system
(Tillman et al. 2015b), that was not the case in our studies. Row cover use tended to have
equivalent yields or significantly higher yields than yields produced from uncovered
treatments.
Pests were consistently found in greater numbers in the plasticulture systems as
compared to the strip tillage systems. Row cover tended to decrease the number of pests
found within the systems. Based on our pest scouting, we did have to regularly use
chemical controls to manage pests within plasticulture and strip tillage and within organic
and conventional plots. Additional controls will need to be implemented in all four systems
to manage pests with reduced insecticides
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We observed a greater number of natural enemies in the strip tillage systems. The
use of row cover reduced the number of insecticide sprays needed in each system, but the
migration of natural enemies was reduced. An understanding of the impacts of cultivation
and row cover use on natural enemies in cucurbit systems is important to consider when
developing an IPM plan. Future studies further investigating role of natural enemies in
cucurbit pests control are needed to fully understand the value of these creatures in these
systems.
The impacts of cultivation should still be considered and investigated in future
studies. Plasticulture is more costly and has a greater environmental impact than
conservation tillage (Kyrikou and Briassoulis 2007, Haapala et al. 2014), but has repeated
shown superior yields to other cucurbit cultivation systems in certain cultivars (Brust 2000,
Cline et al. 2008, Nair and Ngouajio 2010, Lilley and Sánchez 2016), particularly
cantaloupe production (Tillman et al. 2015a). As shown here, not all species of cucurbits
are as productive with conservation tillage, possibly because of the planting time and soil
warming from plastic raised beds. If conservation tillage is to be adopted, a possible
solution to improve yield would be the selection or development of heartier summer squash
and cantaloupe species. Observations may also be regionally biased, as research has shown
plasticulture and strip tillage to have similar yields in other areas of the U.S. (Tillman et al.
2015b).
Improved row covers also have the potential to have a positive impact. Commonly
used spun-bonded polyethylene/polypropylene row covers are often used in cucurbit
production (particularly organic production) as a pest barrier in early season, but have to
be removed once temperatures become unsuitable for plant growth and/or at the time of
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flower production so that pollinators can access the plants. Woven row covers, such as
Protek Net mesh (Hanna et al. 2015), have greater aeration than other row cover materials,
are reusable over multiple seasons, and can allow chemical sprays access to the crop
without removal. These meshes can remain in place for the entire season and provide a
suitable habitat for managed pollinators. Future work is promising for season long
protection with minimal insecticide control.
Chapter 6 presented a collaborative study examining the specialist pollinator
Peponapis pruinosa, the squash bee. Formerly unreported behavior in nesting preference
and success were presented. The results of these studies supported previous research (Julier
and Roulston 2009) that suggested P. pruinosa preferred nesting sites with looser soils,
pointing to the influence of cultivation management on nesting behavior. Future studies are
needed to investigate the impacts of post-season tillage on the survival and emergence of
P. pruinosa. Currently no studies have thoroughly examined the impact of cultivation on
established nests or bee emergence, although it is suggested that emergence is reduced by
up to 50% in the following growing season (Ullmann et al. 2016). The work presented here
contributes to the support of further investigation into P. pruinosa management in cucurbit
production systems.
Finally, Chapter 7 documented the first report of cucumber beetle parasitism in
Kentucky. The study was expanded to compare parasitism in organic and conventional
production system. Both Celatoria setosa and Cl. diabroticae were detected throughout the
central Kentucky region on both organic and conventional farms. The rate of parasitism
was not different between organic and conventional farm types, suggesting that parasitism
is consistent across growing practices. Other factors beyond the scope of this study (e.g.
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landscape factors and scale of production) should be considered in future investigations
into cucumber beetle parasitism.
We also confirmed that PCR can be used to detect cucumber beetle parasitism. The
adoption of PCR detection of parasitism in cucumber beetles would alleviate the time and
labor costs need to rear parasitoids from beetles once collected. It could also replace
dissection as means of detecting parasitism.
This dissertation has shown that IPM practices influence many aspects of cucurbit
production. Pest and beneficial arthropods are susceptible to IPM management.
Understanding the influence of growing practices on arthropod management will help to
reduce the impact of arthropod pests and provide habitats that are more suited to support
natural enemy and pollinator populations. By understanding the agroecological
implications of management practices agricultural producers can contribute to reducing the
environmental impacts of agriculture and promoting more sustainable system management
plans. This work provides evidence contributing to the development of better arthropod
management in agricultural systems.
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Appendix 1
Chapters 3-5 Supplementary Information

Although not formally published, additional data was collected during the 2013
and 2014 growing seasons. This information, though not vital to the publication, may be
relevant to a wider audience.
Chapter 3.
Organic insecticide applications were recorded in 2014 with current cost analysis
in Table A.1.1. This provides a preliminary examination of the cost savings on insecticide
when using row covers in organic squash and melon production.
Chapter 5.
Individual Species Significance
Significance chart for total number of individual natural enemy species collected
from organically managed summer squash and cantaloupe studies at the University of
Kentucky Horticulture Research Farm, Lexington, Kentucky, 2013 and 2014 (Table
A.1.1).
Diversity Index
To better understand the biodiversity within these studies, diversity indices were
calculated using the Simpson’s Index of Diversity (Magurran 1988), which is interpreted
as a calculation of species richness and species evenness in an environment. Known
cucurbit natural enemies (Carabidae, Coccinellidae, Formicidae, Geocoridae, Gryllidae,
Nabidae, Staphylinidae, all Spiders) were recorded throughout the season (see Chapter 5
Materials and Methods) and abundance (sum of the entire season) was calculated for tillage
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system, row cover treatment, and the combined tillage and row cover systems. Table A1.2
presents the data for the following:


Strip tillage = (number natural enemies recorded from uncovered treatment rows)
+ (number of natural enemies record from covered treatment rows)



Plasticulture = (number natural enemies recorded from uncovered treatment rows)
+ (number of natural enemies record from covered treatment rows)



Uncovered = (number of natural enemies recorded from uncovered strip tillage
treatment rows) + (number of natural enemies recorded from uncovered
plasticulture treatment rows)



Row Cover = (number of natural enemies recorded from row covered strip tillage
treatment rows) + (number of natural enemies recorded from row covered
plasticulture treatment rows)



No Row Cover + Strip Tillage System = number of natural enemies collected from
(no row cover + strip tillage) treatment rows



Row Cover + Strip Tillage System = number of natural enemies collected from
(row covered + strip tillage) treatment rows



No Row Cover + Plasticulture System = number of natural enemies collected from
(no row cover + plasticulture) treatment rows



Row Cover + Plasticulture System = number of natural enemies collected from
(row covered + plasticulture) treatment rows
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Table A.1. 1. Significance chart for total number of individual natural enemy species collected from organically managed summer
squash and cantaloupe studies at the University of Kentucky Horticulture Research Farm, Lexington, Kentucky, 2013 and 2014.

Treatment†

Squash
Conventional
Organic
2013
2014
2013
2014

Cantaloupe
Conventional
Organic
2013
2014
2013
2014

Total Natural Enemies
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Tillage
Row Cover
Tillage*Row Cover

NS
0.04
0.05

NS
NS
NS

NS
NS
NS

0.05
NS
NS

NS
NS
NS

0.009
NS
NS

0.05
0.009
NS

NS
NS
NS

Tillage
Row Cover
Tillage*Row Cover

NS
NS
NS

NS
NS
NS

0.008
NS
NS

NS
NS
NS

0.02
NS
NS

0.01
NS
NS

0.0006
0.0036
0.0074

0.04
NS
NS

Tillage
Row Cover
Tillage*Row Cover

NS
0.05
NS

NS
NS
NS

NS
NS
NS

NS
NS
NS

NS
NS
NS

NS
NS
NS

NS
0.02
NS

NS
NS
NS

Coleoptera
Coccinellidae

Carabidae

Table A.1.1 continued
Staphylinidae
Tillage
Row Cover
Tillage*Row Cover

NS
0.01
BS

NS
NS
NS

NS
0.04
NS

0.007
NS
NS

0.003
NS
NS

NS
NS
NS

NS
0.002
NS

0.001
NS
NS

Tillage
Row Cover
Tillage*Row Cover

NS
NS
0.02

NS
NS
NS

NS
NS
NS

NS
NS
NS

NS
NS
NS

0.04
NS
NS

0.05
NS
NS

NS
NS
NS

Tillage
Row Cover
Tillage*Row Cover

NS
NS
NS

NS
NS
NS

0.01
0.06
NS

NS
NS
NS

NS
NS
NS

-

NS
NS
NS

0.03
NS
NS

Tillage
Row Cover
Tillage*Row Cover

NS
0.02
NS

-

NS
NS
NS

0.04
NS
NS

NS
NS
NS

NS
NS
NS

NS
0.06
NS

NS
NS
NS

Hymenoptera
Formicidae
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Hempitera
Nabidae

Geocoridae

Table A.1.1 continued
Orthoptera
Grylloidea
Tillage
Row Cover
Tillage*Row Cover

NS
NS
NS

NS
NS
NS

0.03
NS
NS

NS
NS
NS

NS
NS
NS

0.004
NS
0.03

0.01
0.04
NS

NS
NS
NS

Tillage
Row Cover
Tillage*Row Cover

NS
NS
NS

NS
0.005
NS

0.02
NS
NS

0.001
NS
NS

NS
NS
NS

0.02
NS
NS

0.001
NS
NS

0.001
NS
NS

Araneae
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† PS = Plasticulture with row cover, PN = Plasticulture with no row cover, SR = Strip tillage with row cover, SN = Strip no row cover
*NS=Nonsignificant, based on F test

Table A.1. 2 Example of chemical management used organic squash and melon study (2014) after row over removal and estimated cost.
Nordox 75WG

Trilogy

Entrust SC

PyGanic 5.0

Surround

Manufacturer

Nordox®

Certis ®

Valent®

NovaSource®

Use

Fungicide

Insecticide

Insecticide

Estimated
Cost*
Rate

$16.54/kg

Fungicide/
Insecticide
$0.47/oz

Dow
AgroSciences®
Insecticide
$13.13/oz

$4.69/oz

$5.29/kg

1.35kg/hectare

61.77oz/hectare

24.7oz/hectare

19.77oz/hectare

22.4kg/hectare

X
X
X
X

X
X
X
X

Date
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6/03/14
6/21/14
7/01/14
7/10/14
7/16/14
7/25/14**
8/2/14**

X
X
X
X
X
X

X
X
X
X
X
X
X

*Estimated cost based on current market value USD
**Muskmelon only

Total Estimated Cost for 1 Acre
Summer
Squash

Muskmelon

Summer
Muskmelon
Squash
Weekly Cost
Without Row Cover
Row Cover
$346.64
$346.64
$346.64
$346.64
$346.64
$346.64
$346.64
$346.64
$262.58
$262.58
$262.58
$262.58
$262.58
$262.58
$262.58
$262.58
$262.58
$262.58
$262.58
$240.25
Season Cost
Without Row Cover
Row Cover
$1,565.08 $2,067.91
$871.80
$1,374.63

Table A.1. 3. Simpson’s Index of Diversity values for cucurbit natural enemies collected in 2013 and 2014 conventional squash, organic
squash, conventional cantaloupe, and organic cantaloupe studies at the University of Kentucky Horticulture Research Farm in Lexington,
Kentucky.
Simpson's Index of Diversity
2013

Conventional Squash

2014

Treatment
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Strip Tillage
Plasticulture
Uncovered
Row Cover

0.68
0.81
0.81
0.75

0.75
0.79
0.78
0.78

0.69
0.67
0.81
0.81

0.73
0.75
0.75
0.79

0.65
0.78
0.67
0.75

0.68
0.66
0.71
0.72

0.56
0.70

0.63
0.72

System
Strip Tillage + Uncovered
Strip Tillage + Row Covered
Plasticulture + Uncovered
Plasticulture + Row Covered
Organic Squash
Treatment
Strip Tillage
Plasticulture
Uncovered
Row Cover
System
Strip Tillage + Uncovered
Strip Tillage + Row Covered

Table A.1.2 continued
Plasticulture + Uncovered
Plasticulture + Row Covered

0.78
0.78

0.75
0.59

0.71
0.77
0.79
0.80

0.77
0.83
0.81
0.80

0.71
0.72
0.76
0.76

0.78
0.76
0.84
0.83

0.62
0.79
0.67
0.76

0.60
0.69
0.72
0.71

0.55
0.65
0.78
0.75

0.60
0.59
0.55
0.83

Conventional Cantaloupe
Treatment
Strip Tillage
Plasticulture
Uncovered
Row Cover
System
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Strip Tillage + Uncovered
Strip Tillage + Row Covered
Plasticulture + Uncovered
Plasticulture + Row Covered
Organic Cantaloupe
Treatment
Strip Tillage
Plasticulture
Uncovered
Row Cover
System
Strip Tillage + Uncovered
Strip Tillage + Row Covered
Plasticulture + Uncovered
Plasticulture + Row Covered

Appendix 2
Chapter 6 Supplementary Information

Peponapis pruinosa Nest Maps
These figures (Figures A3.1A-H) show the original Peponapis pruinosa nesting
locations recorded for each subplot during the nesting success study. These plot maps
were combined into the composite maps included within the chapter (Figure 6.2).
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Figure A.2. 1. A-H. Individual nest entrances recorded for Peponapis pruinosa during the
2014 (A-D) and 2016 (E-H) nesting success study conducted at the University of Kentucky
Spindletop Research Farm, Lexington, Kentucky.
Figure A.3.1.A. 2014: Subplot 1.
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Figure A.3.1.B. 2014: Subplot 2.
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Figure A.3.1.C. 2014: Subplot 3.
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Figure A.3.1.D. 2014: Subplot 4.
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Figure A.3.1.E. 2016: Subplot 1.
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Figure A.3.1.F. 2016: Subplot 2.
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Figure A.3.1.G. 2016: Subplot 3.
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Figure A.3.1. H. 2016: Subplot 4.
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Appendix 3
Chapter 7 Additional Information

Preliminary Data:
A pilot study was conducted on the University of Kentucky Horticulture Research
Farm (37°58’16”N 84°32’01”W) during the 2013 and 2014 growing seasons, where
striped and spotted cucumber beetles were collected and then monitored for parasitoid
emergence. Collections were made once in 2013 (August) and twice in 2014 (June and
July). No previous studies on cucumber beetle parasitism had been conducted in
Kentucky, and results showed that tachinid parasitoids were present in the fields.
Parasitoids emergence exhibited variation ranging from 0.8%-20.3% in striped cucumber
beetles and 3.2%-8.2% in spotted cucumber beetles (Table A2.1). The results of this
study prompted the research conducted during the 2015-2016 growing seasons.
Parasitoid Identification
Celatoria parasitoids that emerged from isolated cucumber beetles during the
2015 and 2016 field studies were identified (when need characteristics were present) to
species (setosa or diabroticae) and sex was determined. Table A3.3 summarizes these
findings.
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Table A.3. 1. Preliminary data on striped and spotted cucumber beetles parasitized by
Celatoria [Diptera: Tachinidae] collected during the 2013 and 2014 growing season.

Beetle Species

Striped
Cucumber
Beetle
Spotted
Cucumber
Beetle

August 8, 2013
June 16, 2014
July 24, 2014
Total
Total
Number
Total
Number
of
Percent
Number
Percent
of
Percent
Beetles Parasitized of Beetles Parasitized Beetles Parasitized

77

12.9%

118

20.3%

131

0.8%

31

3.2%

61

8.2%

61

3.3%

1

175

Table A.3. 2. Total number of Celatoria diabraticae and C. setosa recovered from striped and spotted cucumber beetles collected from
farms in 2015 and 2016.
2015

2016

Striped Cucumber Beetle
Sex
Organic

Species

Pupa
C. diabraticae
C. setosa
Unknown
Total

Total

Unknown
4
12
120

Female
2
32
7

Male
1
12
3

7
56
130

Pupa
C. diabraticae

136

41

16

193

Total

Unknown
1
6
42

Female
5
5

Male
1
8
1

2
19
48

Pupa
C. diabraticae

49

10

10

69

Total

Conventional

Sex

Species

Pupa
C. diabraticae
C. setosa
Unknown
Total

Sex

C. setosa
Unknown

Unknown
65
11
105

Female
189
2

Male
141
5

65
341
112

181

191

146

518

Unknown
2
1
8

Female
1
10
-

Male
8
-

2
9
11
8

11

11

8

30

Total

176

Total

Sex

C. setosa
Unknown

Total

Table 7.2. continued

Spotted Cucumber Beetle
Sex
Organic

Species

Pupa
C. diabraticae
C. setosa
Unknown
Total

Total

Sex

Unknown
28

Female
2
-

Male
5
1

7
29

Pupa
C. diabraticae

28

2

6

36

Total

C. setosa
Unknown

Total

Unknown
27
1
37

Female
37
3
-

Male
36
1
-

27
74
4
37

65

40

37

142

Conventional
Sex

Species

Pupa
C. diabraticae
C. setosa
Unknown
Total

Unknown
20

Total

Female
-

Male
-

20

177

Sex

20

Pupa
C. diabraticae

20

Total

C. setosa
Unknown

Total

Unknown
49
2
17

Female
30
1
-

Male
31
1

49
63
1
18

68

31

32

131
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- University of Kentucky Department of Entomology Service Scholarship (2017)
- University of Kentucky Department of Entomology Publication Scholarship (2017)
- Tracy Farmer Institute for Sustainability and the Environment: Sustainability Forum
Graduate Student Poster Competition, 1st Place Winner (Track 1 Research
Projects)(2016)
- Entomological Society of America, North Central Branch Meeting Student Travel
Scholarship (2016)
- Entomological Society of America, North Central Branch Meeting, 3rd Place Winner of
the PhD MOVE and P-IE Poster Competition (2015)
- University of Kentucky Dean’s List (Spring 2013, Fall 2012, Spring 2012, Fall 2011)
- Entomological Foundation, BioQuip Undergraduate Scholarship (2012)
- Community and Technical College, Dean’s List (Fall 2009)
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